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Chapter 1
Introduction to the Thesis
1.1 Overview
Supersymmetry is one of the most attractive candidates for a theory describing physics beyond
the Standard Model. Until today no direct evidence of supersymmetry has been discovered. If
it exists at the TeV scale, it stabilizes the hierarchy between the electroweak and the Planck
scale, allows for gauge coupling unification with the minimal particle content and the lightest
supersymmetric particle is a strong candidate for the dark matter of the universe. Despite
of these strong motivations a TeV supersymmetric theory is potentially accompanied with ex-
cessive flavour-changing and CP-violating effects, cosmological gravitino and moduli problems.
These problems are tightly related with the mechanism that breaks supersymmetry and me-
diates the breakdown to the low energy observable sector. The scenario of gauge mediation
provides a compelling explanation for the absence of excessive flavour-changing phenomena.
However, gauge mediation schemes are not free of cosmological problems. In this thesis, we
study the details of some general cosmological problems of gauge mediation and we probe the
supersymmetry breaking sector by cosmological arguments. We manifest that particular cos-
mological problems are naturally absent in the most general class of gauge mediation models
without including additional ingredients or assumptions.
By construction the gauge mediation scenario is free of the Polonyi problem since the spurion
that breaks the supersymmetry, i.e. the Goldstino superfield, is coupled with the observable
sector with renormalizable interactions. In particular, in the ordinary gauge mediation schemes
the spurion couples with the messenger fields with Yukawa couplings. Thereby its decay does
not spoil the standard Big Bang Nucleosynthesis predictions that are in accord with the ob-
servations. Although these couplings of the spurion address the Polonyi cosmological problem
they generically render the supersymmetry breaking minimum metastable . The existence of
many competing vacua, supersymmetric and non supersymmetric, poses the question of how
natural it is for the system of fields to settle down into the phenomenological relevant vacuum
with broken supersymmetry. We thoroughly investigate the problem and we conclude that
the metastable supersymmetry broken vacuum becomes thermally selected for a wide range
of the parameter space. The critical condition is the supersymmetry breaking sector to be
sufficiently weakly coupled to the messenger fields. In fact this condition is expected to be
fulfilled automatically in the general class of models that accept a microscopic interpretation.
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This result constitutes an essential improvement in the cosmological constraints applied to the
gauge mediation theories. Namely, the selection of the metastable vacuum does not impose
any constraint on the maximal reheating temperature in the early universe. On the contrary,
since the supersymmetry breaking vacuum is thermally attractive this result suggests that high
reheating temperatures were actually realized in the early universe. From the zero tempera-
ture point of view we can say that the gauge mediation supersymmetry breaking vacuum is
thermally stable.
It was recently shown [98] that the supersymmetry breaking is a generic phenomenon in
gauge theories. Supersymmetric Yang Mills theories can provide a microscopic description for
the supersymmetry breaking sector and account for the dynamical generation of the scales. An
additional, deeply fundamental problem is that of the vanishing cosmological constant . Super-
symmetry breaking and the vacuum energy are explicitly related. Moreover, supersymmetry
being a space time symmetry is tightly connected with gravity. However, the TeV supersymme-
try breaking scale deprive supersymmetry from addressing the cosmological constant problem
from the first place. Further structure has to be considered. The standard paradigm is adding
a constant at the superpotential that renders the cosmological constant vanishing. In the thesis
we take into account the gravity effects and we study the structure and the thermal behaviour
of gauge mediation models supplemented with a constant term. Furthermore, we pursue an
interpretation of this constant. String theory provides a consistent unification of all fundamen-
tal forces of nature and provides a compelling microscopical completion of the supersymmetric
field theories. In a stringy framework the constant term finds an elegant interpretation once
the supersymmetry breaking sector is related with the sector that stabilizes the stringy moduli
fields. This interrelation entails a connection between the supersymmetry breaking scale and
the stabilization scale of the moduli. We consider the case of flux compactifications where the
superpotential for the overall volume modulus accounts for the constant of the supersymmetry
breaking sector. Although, the scale of the supersymmetry breaking in gauge mediation is
relatively low we find that the basic stabilization schemes can be efficient. Hence, the early
universe can be generically safe from high reheating temperature destabilization effects1.
The presence of stringy moduli fields that interact by Planck mass suppressed interactions
and their mass is related with the scale of supersymmetry breaking implies an extra cosmological
problem: the cosmological moduli problem. It is realized when moduli with mass of the order
of the gravitino mass dominate the energy density of the early universe. This problem can
be evaded in scenarios where the moduli fields become massive enough. Nevertheless, this
problem is rather model dependent and can be circumvented e.g. by late entropy production
contrary to the problem of the metastable vacuum selection and the problem of the modulus
destabilization.
Finally, a basic prediction of spontaneously broken supersymmetric theories is the massive
gravitino field. In the gauge mediation scenario it is the lightest supersymmetric particle and
can account for the dark matter of the universe. It is also notorious for the cosmological prob-
lems that arise from its presence. We revisit the cosmological gravitino problem taking into
account a basic feature of the supersymmetry breaking hidden sector: the fact that it possesses
an approximate global U(1) symmetry, the so called R-symmetry. Considering the underlying
1A way to express in one word this stability of the supersymmetry breaking and the srtingy moduli vacua
against thermal destabilization effects would be to name our universe ’pyrimahon’ i.e. fireproof.
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connection between the R-symmetry and the gaugino masses on the one hand and the temper-
ature dependent variation of the R-symmetry breaking scale on the other hand, we claim that
the production rate of the helicity ±1
2
component of the gravitino is actually suppressed at high
temperatures thereby decreasing the value predicted for the gravitino abundance. This claim
can significantly ameliorate the cosmological gravitino problem in gauge mediation. Moreover
the resulting bounds on the reheating temperature are in a nice accordance with the tempera-
tures necessary for a thermal selection of the supersymmetry breaking metastable vacuum.
1.2 Organization of the Thesis
The second chapter of the thesis is devoted to the review of the basic notions, formalism and
properties of supersymmetric theories. In chapter 3 we continue reviewing the mechanisms
that implement the spontaneous breakdown of supersymmery. We comment on the attractive
features of the gauge mediation and on the Polonyi cosmological problem. In chapter 4 we
exhibit the generality of the metastability in the supersymmetry breaking sector. We consider
ordinary and direct gauge mediation models analysing in detail the basic models. In chapter 5
the thermal evolution of the supersymmetry breaking sector is presented and in chapter 6 the
conditions that realize the selection of the phenomenologically relevant non-supersymmetric
local vacuum are derived. In chapter 7 we briefly introduce some basics of string theory and
focus on the phenomenological aspects of strings and in particular on the moduli fields. We
couple the supersymmetry breaking sector with the sector that stabilizes the overall volume
modulus and also consider alternative decoupled scenarios. In the chapter 8 the thermal effects
on the modulus sector are studied and the related cosmological moduli problems are discussed
leaving a more thorough and general discussion and presentation of the problem for the ap-
pendix. Finally, in the chapter 9 we discuss the gravitino cosmology and we revisit the gravitino
production considering the implications of the R-symmetry thermal restoration. The results
presented in the chapters 5 and 6 and some of the analysis of the chapter 4 have been published
at [37] and [38]. The results of the chapter 9 can be also found at [40]. The material and the
results of the chapters 7 and 8 are to appear in forthcoming publication (some early comments
appeared at [39]). The references are given in alphabetical order.
1.3 Notation
We gather here the symbols for some basic fields and quantities used in the text:
• X is the spurion (super)field that parametrizes the supersymmetry breaking hidden sector
• φ, φ¯ are the ordinary messenger (super)fields that mediate the supersymmetry breaking
to the visible sector
• λ is the Yukawa coupling between the messenger and the spurion (super)fields
• Λ is an energy cut-off for the supersymmetry breaking sector and appears as an energy
scale at the Ka¨hler metric
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• c is the constant added to the superpotential in order to cancel the cosmological constant
at the vacuum
• M stands for the bare messenger mass (except if it is written otherwise)
• ϕ collectively stands for scalar fields other than the ordinary messengers. For example
it stands for gravitationally interacting (super)fields or for hidden degrees of freedom
coupled to the spurion field X with a Yukawa coupling k
• Tsusy is the critical temperature that an approximately secord order phase transition
towards the supersymmetric vacua takes place
• TX is the temperature that the supersymmetry breaking metastable minimum forms
• ρ is the overall volume modulus scalar field of type IIB string theory compactified in a
Calabi-Yau Manifold
• σ is the imaginary part of the overall volume modulus scalar field, or the real part of the
̺ field if ̺ = iρ
• Tde is the temperature that the overall volume modulus minimum becomes an inflection
point i.e. it is destabilized and Tra, the temperature that it runs away to the decompact-
ification - zero coupling limit
• mλ or mg˜ stands for the gaugino masses; the later in particular stands for the gluino mass
• ψµ is the gravitino field
• MP ≃ 2.4× 1018 GeV is the reduced Planck mass
Acknowledgments
First and foremost, I would like to thank my advisor, Zygmunt Lalak, for his unwavering
support, encouragement and guidance throughout the course of this thesis.
My fellows Misza Artymowski, Marcin Badziak, Anna Kamin´ska, Krzysztof Turzynski,
Michalis Paraskevas for several discussions related to my research andWojciech Kamyk Kamin´ski
for many stimulating discussions about physics in general.
I would also like to thank David Langlois for hospitality at the APC Paris and collaboration
in the first stages of this thesis; Alex Kehagias and George Zoupanos for always welcoming me
at my home place university, NTU,Athens; and CERN Theory Division for hospitality.
Finally, I am thankful to the people of our Institute of Theoretical Physics at the University
of Warsaw for the warm work enviroment and our secretery, Magda Mirecka, to whom I am
grateful for her generous assistance on countless bureaucratic issues.
This work was partially supported by the EC 6th FrameworkProgramme MRTN-CT-2006-
035863 and by Polish Ministry for Science and Education under grant N N202 091839.
9
Chapter 2
Basics of Supersymmetry
In this chapter we introduce the supersymmetry as a symmetry that stabilizes the electroweak
scale and as a new spacetime symmetry. We discuss global and local supersymmetry and its
breakdown. Some elements of the MSSM are presented.
Supersymmetry is a hypothetical space-time symmetry that transforms bosonic states into
fermionic ones and vice versa. Bosons are mediators of interactions and fermions are the
constituents of matter hence supersymmetry unifies matter and radiation. It plays an important
role in modern particle physics, even though there is no direct experimental evidence for its
existence. It is characterized by features such as vacuum stability (E ≥ 0) and mild ultraviolet
(UV) behaviour of the theory, that is a restricted form of divergences. Many theorists consider
that these features are indications that supersymmetry is an essential ingredient of the ultimate
unified theory of elementary particles, which perhaps is string theory.
Particle theorists have applied supersymmetry to the standard model of particle physics.
Their main motivation is to protect the Higgs potential against quantum corrections. Because
of very weak UV divergencies, one can naturally push the cut-off scale to an arbitrary high
scale like the Planck scale (∼ 1018 GeV).
2.1 The Higgs Potential Cannot Stand Alone
The physical principle of naturalness as articulated by ’t Hooft states that a amall parameter
is natural only when a symmetry is gained as it is set to zero [145]. In the context of quantum
field theory, if a bare mass is unnaturally set to zero radiative corrections lead to a renormalized
non-zero value. Therefore, if one wants a small renormalized value without a symmetry the
bare value has to be fine tuned. The apparent violation of this principle in the value of the
Higgs mass is known as ”the gauge hierarchy problem”1.
The Higgs potential triggers the spontaneous breaking of electroweak gauge symmetry;
[33, 19, 12, 153, 100]. A single elementary Higgs boson field can acount for all masses of
quarks, leptons and gauge bosons through its interactions. To generate the symmetry breaking,
we postulate a potential for the Higgs field
V = µ2|h|2 + λ|h|4. (2.1)
1A more dramatic fine tuning is that of the cosmological constant.
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The assumption that µ2 < 0 is the complete explanation for electroweak symmetry breaking
in the Standard Model. Since µ is a renormalizable of this theory, the value of µ cannot
be computed from first principles and even its sign cannot be predicted. The parameter µ2
receives large additive radiative corrections from loop diagrams. For example the coupling of
the Higgs field with itself and the top quark give quadratic ultraviolet divergencies. Applying
a momentum cutoff Λ the quantum contributions to the bare mass are
µ2 = µ2bare +
λ
8π2
Λ2 − 3y
2
t
8π2
Λ2 + ... (2.2)
If we view standard model as an effective theory, Λ should be taken to be the largest momentum
scale at which this theory is still valid. The radiative corrections can easily change the sign of µ2
and the criterion µ2 < 0 is, hence, not a simple condition on the underlying parameters of the
effective theory. Furthermore, if we try to embed the Standard Model in some larger GUT, such
as SU(5) for example, then the breakdown of this larger gauge summetry to SU(3)c × U(1)em
requires two types of Higgs particles: Φ with MΦ = O(MGUT) in addition to the usual Higgs
h with Mh = O(MEW). In order to keep the h scalar light while the Φ scalars heavy, we must
ensure cancellations of the quadratic divergence to an accuracy(
Mh
MΦ
)2
∼
(
MEW
MΦ
)2
∼ 10−24 (2.3)
if MGUT ∼ 1014 GeV, which must be put in ”by hand”. The problem can be shown explicitly
by considering a Higgs potential with two very different energy scales. If we are to have one
set of Higgs fields h with associated particles arising from vacuum expectation value v ≃ 102
GeV and another set of Φ with vev v0 ≃ 1014 GeV, then
V (h,Φ) = λ1
(|h|2 − v2)2 + λ2 (|Φ|2 − v20)2 . (2.4)
Since both sets of Higgs fields interact with the gauge bosons, we get after renormalization
corrections to the above potential of order g4h2Φ2 where g is the gauge coupling. The minimum
of the potential with respect to h is shifted from |h| = v to h ≃ (g4v20/2λ1)1/2 ≃ g2v0. For
λ1 ∼ 1 the vev of the lower mass Higgs fields gets moved up within order of g2 of the higher
mass scale unless there are additional contributions to the potential adjusted to an accuracy
v2/v20 ∼ 10−24 that cancel away these corrections. This problem is known as ’gauge hierarchy
problem’.
Generally there are two different strategies to address this problem. One is to look for new
strong-coupling dynamics at an energy scale of 1TeV or below. Then the Higgs field could be
composite and its potential could be the result, for example, of pair condensation of fermion
constituents. Higgs himself proposed that his field was a phenomenological description of a
fermion pair condensation mechanism similar to that in superconductivity. Sometime later,
Susskind and Weinberg proposed an explicit model of electroweak symmetry breaking by a new
strong interaction called ’technicolor’. Today this approach is disfavoured because it typically
leads to flavour changing neutral currents at an observable level and also conflicts the accurate
agreement of precision electroweak theory with experiment.
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The second strategy to solve the hierarchy problem (stabilize the scales) is to postulate
that the electroweak symmetry is broken by a weakly coupled Higgs field, but that this field
is part of a model in which the Higgs potential is computable. The Higgs mass term µ2|h|2
should be generated by well defined physics within the model and hence the µ2 term should not
receive additive radiative corrections. This requires the presence of a symmetry that forbids
the radiative corrections to induce a large mass for the Higgs in the Lagrangian.
There are three ways to arrange a symmetry that forbids the term µ2|h|2. We can postulate
a symmetry that shifts h i.e. δh = ǫv, or a symmetry that connects h to a gauge field whose
mass can then be forbidden by gauge symmetry i.e. δh = ǫ · A or, finally, a symmetry that
connects h to a fermion field, whose mass can then be forbidden by a chiral symmetry:
δh = ǫ · ψ. (2.5)
The first two options lead respectively to ’little Higgs’ models and to models with extra space
dimensions. The third option leads to supersymmetry.
2.2 Supersymmetry: A new space-time symmetry
Supersymmetry is a symmetry that transforms bosonic states into fermionic ones and vice
versa.
Qα |b〉 = |f〉 . (2.6)
The generators of such a symmetry must carry a spinorial index, since they correspond to the
transformation of an integer spin field into a spinor field. Therefore, they are not commuting
with Lorentz transformations. In contrast, the SM’s SU(3)× SU(2)× U(1) are symmetries of
internal degrees of freedom of the fields. In this sense, supersymmetry is necessarily a spacetime
symmetry.
A new spacetime symmetry implies the presence of a new conserved charge. Noether proce-
dure tells us that the charges may be interpreted as the generators of the transformations they
are associated with. According to Coleman-Mandula theorem (1967) the conserved charges
of any other symmetry apart from the Poincare group has to transform as a scalar under the
Lorentz group. This ”no-go” theorem shows that it is impossible to have a new space-time
symmetry that mixes in a non trivial way with the Lorentz space-time symmetry.
The Poincare group is the sum of all space-time transformations that include translations,
rotations and Lorentz boosts. Overall, this group has ten elements and has a representation in
terms of vectors Pµ and symmetric 4× 4 matrices Mµν that satisfy the commutation relations
[Pµ, Pν] = 0 (2.7)
[Pµ,Mρσ] = i(ηµρPσ − ηµσPρ) (2.8)
[Mµν ,Mρσ] = i(ηνρMµσ − ηνσMµρ − ηµρMνσ + ηµσMνρ) (2.9)
[Ta, Tb] = iCabcTc. (2.10)
where η = diag(−1, 1, 1, 1) the Minkowski metric and Ta generators of an internal symmetry.
According to the Coleman-Mandula theorem the Ta are Lorentz scalars:
[Ta, Pµ] = [Ta,Mµν ] = 0. (2.11)
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If this was not the case then, as Witten (1981) showed, the two body scattering would look
much different. In a two particle collision the conservation of Pµ and Mµν leaves the scattering
angle θ undetermined. If there was a Lie group that mixed with the Poincare group in a
nontrivial way then these genertors would be associated with space-time, which would mean
that the θ could only take discrete values. But the scatering amplitude is analytic in θ and so
it would have to vanish for all θ.
Supersymmetry escapes this ”no-go” theorem because, in addition to the generators Pµ,
Mµν , Ta that satisfy commutation relations, it involves fermionic generators that satisfy an-
ticommutation relations. The supersymmetry algebra has a more general structure which is
called ”Graded Lie algebra” by the mathematicians. A deeper reason that supersymmetry
although it is a (hypothetical) space-time symmetry escapes the Coleman-Mandula ”no-go”
theorem is that it involves a new type of coordinates that are grassmannian and correspond
to the fermionic degrees of freedom. In this ’extended’ superspace there is room for another
space-time symmetry, the supersymmetry.
We represent the supersymmetric generator Qα as a Majorana spinor which is the simplest
possible type of spinor with four real components. Since Qa is a spinor, it must satisfy
[Qα,Mµν ] = i(σµν)α
βQβ. (2.12)
This relation expresses the fact that the Qα transforms as a spinor under the rotations generated
by Mµν . The Jacobi identity of commutators
[[Qα, Pµ], Pν ] + [[Pν , Qα], Pµ] + [[Pµ, Pν ], Qα] = 0 (2.13)
requires that Qα must be translationally invariant, that is
[Qα, Pµ] = 0 (2.14)
Finally, the spinor Qα satisfies the anticommutation relation
{Qα, Q¯β˙} = 2(σµ)αβ˙Pµ (2.15)
The translation invariance of the supersymmetric generator Qα means that it also commutes
with PµP
µ which is the mass operator: PµP
µ |b〉 = m2b |b〉 and PµP µ |f〉 = m2f |f〉. It is easy to
see that
[P µPµ, Qα] = (m
2
f −m2b) |f〉 = 0. (2.16)
Hence, supersymmetry implies that the bosons and fermions which are supersymmetric partners
must have equal mass. However the observed particle spectrum is non-supersymmetric and
supersymmetry is not a symmetry of the GeV scale particle physics. We will extensively discuss
this fact in subsequent paragraphs and chapters, but here we are postponing this discussion
presenting some more useful formalism for supersymmetry.
2.2.1 Superspace
At the anticommutation relation of the supercharges (2.15) dotted indices were introduced. It is
due to the fact that the Lorentz algebra SO(1, 3) is locally isomorphic to SU(2)×SU(2). That
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is, a spinor representation of the Lorentz group is decomposed into irreducible representations
of given chiralities: 4 = 2L + 2R. The dot was introduced in order to keep track of which
SU(2) we are refering. Also, as mentioned supersymmetry generates translations in superspace
{xµ, θα, θ¯β˙}. Superspace includes both bosonic and fermionic coordinates, a notion invented by
Salam and Strathdee. We can thus define a superfield Φ(xµ, θa, θ¯β˙) that lives in the superspace.
The supercharges are represented as
Qα =
∂
∂θα
− i(σµ)αα˙θ¯α˙∂µ (2.17)
Q¯β˙ = −
∂
∂θ¯β˙
+ iθβ(σµ)ββ˙∂µ (2.18)
Spinor derivatives on superfields orthogonal to Qα and Q¯β˙ that commute with supersymmetry
transformations can be defined: Dα = ∂/∂θ
α + i(σµ)αα˙θ¯
α˙∂µ and D¯β˙ = −∂/∂θ¯β˙ − iθβ(σµ)ββ˙∂µ.
Imposing the condition
D¯β˙Φ = 0 (2.19)
on the superfield we find that this condition is also satisfied by the supersymmetric transfor-
mation of Φ: D¯α˙(δsΦ) = δs(D¯
α˙Φ) = 0. Such a superfield is called as a chiral superfield . Since
the Φ depends on both ordinary and Grassmannian variable θ we can expand in power series in
θ. We find that the superfield Φ has to contain a Weyl fermion field Ψ and two complex scalar
fields φ and F .
The above chiral superfields do not include gauge degrees of freedom. A vector field is a
real field and is component of the vector superfield
V (x, θ, θ¯) = V †(x, θ, θ¯) (2.20)
A vector field is associated with a gauge transformation: Aµ(x)→ Aµ(x)+∂µα(x) in the abelian
case. The supersymmetric form of this tranformation is V → V + i(Λ − Λ†) where Λ a chiral
superfield and its scalar component gives the gauge parameter α(x) of the transformation.
This allows to set to zero components of the vector field V when expanded in terms of the
Grassmannian variables θ, θ¯; this is the so called Wess-Zumino gauge. The gauge invariant
degrees of freedom in the expansion of V (x, θ, θ¯) denoted by Fµν = ∂µAν − ∂νAµ, λ(x) and
D(x) are the gauge field strength, the gaugino field and the auxiliary field D(x). They turn
out to be the components fields of the chiral superfield
Wα = −1
4
D¯α˙D¯
α¯DαV (2.21)
i.e. D¯β¯Wα = 0 and gauge invariant. A supersymmetric action takes the form
S =
1
4
∫
d4x d2θW αWα + h.c. =
∫
d4x
[
−1
4
F µνFµν + iλσ
µ∂µλ¯+
1
2
D2
]
. (2.22)
When we couple matter to gauge fields we have to replace the gauge violating term Φ†Φ with
the gauge invariant Φ†e−2gqVΦ. The Φ→ Φ′ = e2igqΛΦ is the gauge transformation which, aslo
preserves chirality. The action for a gauge invariant chiral superfield reads
S =
∫
d4xd2θd2θ¯Φ†e−2gqVΦ
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=∫
d4x
[
Dµφ∗Dµφ+ iΨσµDµΨ¯ + F ∗F + gq
(
Dφ∗φ+
√
2λΨφ∗ +
√
2Ψ¯φ
)]
(2.23)
where Dµ the covariant derivative. Therefore, in the superspace, the Lagrangian density has
the form
L =
∫
d2θ d2θ¯ K(Φ,Φ†) +
∫
d2θ
(
fa(Φ)W
2
αa +W (Φ)
)
. (2.24)
Finally, we note that apart from the chiral and the vector superfield there is also a third exam-
ple: the linear superfield . It describes the supermultiplet associated with the an antisymmetric
tensor bµν known as Kalb-Ramond field [101] and is present in string theory.
R-symmetry
The action (2.23) is also invariant under a non-trivial global U(1) symmerty called R-symmetry
that does not commute with supesymmetry. Such a symmetry is allowed in N = 1 supersym-
metry and its generator satisfies
[Qα, R] = Qα
[Q¯α˙, R] = −Q¯α˙ . (2.25)
Since the U(1)R does not commute with supersymmetry it acts differently on the different
components of the superfield and thus cannot leave the Grassmann variable θ invariant. For a
chiral superfield
RΦ(x, θ) = eirαΦ(x, eiαθ)
RΦ†(x∗, θ¯) = e−irαΦ†(x∗, eiαθ¯) (2.26)
where r is the R-charge of the supermultiplet. In terms of component fields has the value r,
r − 1 and r − 2 for the component fields φ, Ψ and F respectively. The Grassmannian variabe
R-transforms like θ → θ′ = e−iαθ hence, the kinetic term ∫ d2θ d2θ¯Φ†Φ is always R-invariant
while the supepotential term d2θW (Φ) is invariant if it has R-charge r = 2. This is the case if
W (Φ) is a monomial in Φ and the R-charges add up to 2.
Turning back to (2.23) the Wα has R-charge r = +1 and the W
αWα r = +2. At component
level the gaugino λα has R-charge r = +1
Rλα(x) = e
iαλα(x) (2.27)
a fact that has important implications for the models of dynamical supersymmetry breaking
that induce non-supersymmetric soft masses on gauginos as we will expose in the next chapters.
Another approach of constructing an action invariant under supersymmetry is that of J. Wess
and B. Zumino (1974). This is the subject of the following section.
2.3 Supersymmetric Lagrangian
In order to write down a supersymmetric Lagrangian we start with a theory with spin-0 bosons
and spin-1/2 fermions. We consider the system of a complex scalar field φ(x) = (A(x) +
iB(x))/
√
2 and a Majorana spinor field Ψ(x) which is called a chiral supermultiplet. Counting
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the degrees of freedom we see that the scalar field has two real whereas the Majorana spinor
has four. The equation of motion projects out two of the spinorial degrees of freedom however
off-shell the Lagrangian is not supersymmetric. In order to have equal bosonic and fermionic
degrees of freedom in the chiral supermultiplet we also include a complex scalar field F (x) =
(F1(x) + iF2(x))/
√
2 which is called auxiliary field. The Lagrangian
L = ∂µφ
∗∂µφ+
1
2
Ψ¯(iγµ∂µ −m)Ψ + F ∗F +m(Fφ+ F ∗φ∗) (2.28)
Since F has no kinetic terms it is not a dynamical degree of freedom. The supersymmetric
transformations read
δsA = ǫ¯Ψ, δsB = iǫ¯γ5Ψ (2.29)
δsΨ = [−iγµ∂µ(A+ iBγ5) + F1 − iF2γ5]ǫ, (2.30)
δsF1 = −iǫ¯γµ∂µΨ, δsF2 = −iǫ¯γ5γµ∂µΨ . (2.31)
We can add interactions at (2.28) between the chiral supermultiplet fields that do not spoil
supersymmetry. The scalar interactions can be included in an analytic function W (φ) which is
called superpotential
L = LKE + FF
∗ + F
∂W
∂φ
+ F ∗
∂W ∗
∂φ∗
− 1
2
(
∂2W
∂φ2
Ψ¯RΨL +
∂2W ∗
∂φ∗ 2
Ψ¯LΨR
)
. (2.32)
Using the equation of motion ∂L/∂F which gives F ∗ = −(mφ∗ + λφ∗ 2) we can eliminate the
auxiliary field F and this yields the scalar potential V (φ) = |∂W/∂φ|2 = |F |2. It is straight-
forward to generalize to the case of n chiral supermultiplets (φi,Ψi) -with their corresponding
auxiliary fields Fi- and a general superpotential W (φi). Solving again for Fi yields the scalar
potential
V (φi) =
∑
i
∣∣∣∣∂W∂φi
∣∣∣∣
2
=
∑
i
|Fi|2. (2.33)
A combination of a susy theory with gauge theory is clearly necessary if these ideas are to make
contact with the real world. In addition to the chiral multiplets we must include the ”gauge”
supermultiplets
(Aaµ, λ
a), a = 1, 2, ..., N2 − 1 (2.34)
where Aaµ are the spin-1 gauge bosons of the gauge group G which is taken to be SU(N). The λ
a
are their Majorana superpartners, the so called ”gauginos”. These boson-fermion pairs, which
in the absence of gauge symmetry breaking are assumed to be massless, belong to the adjoint
representation of the gauge group. Here we also add a real auxiliary pseudoscalar field D. This
makes the 3+1 bosonic degrees of freedom to match the 4 fermionic degrees of freedom in the
off-shell formulation. A supersymmetric and gauge invariant Lagrangian reads
LG = −1
4
F aµνF
aµν +
1
2
λ¯aiγµDµλ
a +
1
2
DaDa (2.35)
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where Fµν is the covariant field strength and Dµ the covariant derivative of the gaugino field.
The LG is invariant under the supersymmetric transformations
δsA
µ
a = ǫγ
µγ5λ
a (2.36)
δsλ
a
r = −Daǫr +
1
2
(σµνγ5ǫ)rF
a
µν (2.37)
δsD
a = −iǫ¯γµγ5∂µλa. (2.38)
This pure gauge Lagrangian the equation of motion, ∂LG/∂D
a = 0, implies Da = 0; it will
become non-zero when the chiral fields are coupled in. To include the chiral fields φi,ΨiL we add
Lchiral of (2.28) but substitute the covariant derivative Dµ for ∂µ in the kinetic energy terms,
i.e.
∂µ → Dµ = ∂µ + igGT aAaµ (2.39)
where T a are the matrices representing the generators of the gauge group in the representation to
which (φi,Ψi) belong. To ensure the supersymmetry of the combined ”chiral-gauge” Lagrangian
we must include two further terms
L = Lchiral + LG − gGφ∗i (Ta)ijφjDa + [
√
2gGφ
∗
i λ¯(T
a)ijPLΨj + h.c.] (2.40)
where PL ≡ 12(1− γ5). Using ∂LG/∂Da = 0 to eliminate the auxiliary fields gives
Da = gGφ
∗i(T a)jiφj. (2.41)
Therefore, the total potential for the scalar field is given by
V (φ, φ∗i) =
∑
i
F ∗iFi +
1
2
∑
a
(Da)2 +
1
2
∑
m
(Dm)2 = (2.42)
=
∑
i
∣∣∣∣∂W∂φi
∣∣∣∣
2
+
1
2
∑
a
g2a[φ
∗i(T a)jiφj]
2 +
1
2
∑
m
[
gm
∑
i
qmi φ
∗iφi − ξm
]2
(2.43)
In the last term we wrote seperately the contribution to the scalar potential coming from an m
number of abelian U(1)m gauge groups. But the novel terms are the so-called Fayet-Iliopoulos
terms, labeled ξm for U(1)m. These terms are allowed in the Lagrangian because they do not
spoil the supersymmetry. The supersymmetry transformation for the auxiliary field Dm is a
total derivative and therefore the term LmFI = −ξmDm preserves supersymmetry. However,
the Fayet-Iliopoulos term is not allowed for a nonabelian symmetry because it is not gauge
invariant.
2.4 Departing from Exact Supersymmetry
The terms that we have written so far preserve exact supersymmetry but the particles observed
in nature show no sign whatsoever of a degeneracy between fermions and bosons, see (2.16).
A fully supersymmetric model would contain a massless fermionic partner of the photon and a
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charged scalar particle with the mass of the electron. These particles manifestly do not exist.
Supersymmetry if it is relevant to nature, must be broken.
The breaking could be either explicit or spontaneous. In any case it has to be soft i.e.
small enough to preserve the good features of supersymmetry and yet large enough to push the
supersymmetric partners out of the reach of current experiments. Explicit breaking would be,
in general sense, ad hoc. The susy generators would no longer commute with the Hamiltonian
[Qα, H ] 6= 0. (2.44)
However, we would inevitably lose the nice renormalization theorems and any attempt ro em-
brace gravity via local susy would be prohibited. So instead we prefer the spontaneous breaking
of supersymmetry. We assume that the Lagrangian is supersymmetric but the vacuum state is
not, that is the physical vacuum state |0〉 is not invariant under a supersymmetry transforma-
tion i.e.
[Qα, H ] = 0, but Qα |0〉 6= 0 or Q¯α˙ |0〉 6= 0. (2.45)
This has important implications for the energy of the ground state. The anticommutator
relation of the susy generators (2.15) can be related to the Hamiltonian with the aid of the
identity
Tr(σµσ¯ν) = σµ
αβ˙
(σ¯ν)β˙α = 2ηµν . (2.46)
Then the (2.15) can be inverted to obtain
P ν =
1
4
(σ¯ν)β˙α{Qα, Q¯β˙} (2.47)
and the Hamiltonian reads
H = P 0 =
1
4
(
Q1Q¯1˙ + Q¯1˙Q1 +Q2Q¯2˙ + Q¯2˙Q2
)
. (2.48)
Hence, the energy of the vacuum cannot be negative. When supersymmetry is unbroken in
the vacuum state this state has zero energy and when supersymmetry is spontaneously broken
in the vacuum it has positive energy. As a result, whenever a supersymmetric vacuum state
exists then it is the global minimum of the potential and when if there are more than one then
it is degenerate with the other supersymmetric states. A non-supersymmetric state can be the
global minimum only if the potential possesses no supersymmetric minimum.
The spontaneous supersymmetry breaking can arise from some fields in the theory that
acquire vacuum expectation values that are not invariant under supersymmetry transforma-
tions. In a theory with chiral superfields the only one of the supersymmetry transformation
laws whose expectation value can have a non-zero right hand side without breaking Lorentz
invariance is
〈0 |δsΨi| 0〉 = 〈0 |Fi| 0〉 ǫ. (2.49)
Hence, when one of the auxiliary fields of some chiral supermultiplet Φi has non-zero vacuum
expectation value i.e. 〈0 |Fi| 0〉 6= 0 the supersymmetry breaks spontaneously.
In a theory that a vector superfield is present there is the possibility that the field Da(x)
has a non-zero vev 〈0 |Da| 0〉 6= 0 and the susy transformation
〈0 |δsλar | 0〉 = −〈0 |Da| 0〉 ǫr (2.50)
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signals the spontaneous breaking, again here, of supersymmetry without violating the Lorentz
invariance.
Once spontaneous supersymmetry breaking has occured a massless Goldstone fermion is
expected to appear because the supersymmetry generator is fermionic, mush as a Goldstone
boson appears when ordinary global symmetries are spontaneously broken. When a single
auxiliary field Fi acquires a vev the Goldstone fermion will be the spinor Ψi in the supermultiplet
Φi to which Fi belongs. Similarly, for the case that an auxiliary field D
a acquires a vev then
a massless gaugino λar that belongs at the same vector supermultiplet with the D
a will be
the Goldstone fermion associated with the spontaneous breaking of global supersymmetry.
However, when global supersymmetry becomes local in supergravity theories the Goldstone
fermion disappears from the spectrum.
2.5 Soft Supersymmetry Breaking
Supersymmetry explains the stabilization of the electroweak scale in a compelling way. The
radiative corrections to the Higgs mass that destroy the hierarchy vanish in an exact supersym-
metric theory. Since nature is not supersymmetric at the GeV scale it is of central importance
to see whether a broken supersymmetry can still protect the Higgs potential from quadratic
divergencies. Otherwise the main raison d’ eˆtre of supersymmetry is lost. Fortunately, when
supersymmetry is softly broken the quadratic divergencies are under control.
In the Wess-Zumino model, for example, we can demonstrate the breaking of supersymmetry
by modifying the mass squared of the components A and B of the complex scalar in the
chiral supermultiplet (φ,Ψ). Assuming initially exact supersymmetry then all the fields in the
supermultriplet have the same mass. It can be shown that the quadratically divergent self-
energy diagrams for the scalars cancel due to the opposite contribution of the fermion. The
only divergencies that are present are the logarithmic ones in the wave function renormalization.
Let us now assume that the scalar A and the pseudoscalar B have masses squared m2 + δm2A
and m2 + δm2B respectively and the fermion mΨ = m. Then the self-energy diagram for the
scalar A at one loop coming from the interaction with itself is
∼ λ2
∫
d4k
(2π)4
1
k2 −m2 − δm2A
=
∫
d4k
(2π)4
1
k2 −m2
(
1 +
δm2A
k2 −m2
)
+ finite; (2.51)
the contribution of the pseudoscalar B is also of the same form. It is apparent from (2.51) that
quadratic divergencies cancel again and only a logarithmic divergence survives.
This splitting in the masses of complex scalar is represented as
δLsoft = −M2φ∗φ− δM2(φ2 + φ∗2) (2.52)
whereM2 is a supersymmetric mass squared and the δM2 is the one that breaks supersymmetry
”softly”. On the contrary, one can not shift softly the mass of the fermion in the chiral super-
multiplet because this would generate quadratic divergencies. Hence, a soft mass for matter
fermion does not exist; such a mass would correspond to a hard breaking of supersymmetry.
Another soft supersymmetry breaking term comes from the modification of the couplings
of the form
δLsoft = −Aλ(φ3 + φ∗3) (2.53)
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If the term φ3 is allowed by the gauge symmetry, then in all generality, it is also allowed in
the superpotential. Such a term provides only cubic scalar interactions which cannot lead to
quadratically divergent two-point functions.
The last possibility of soft breaking exists in the vector supermultiplet. This is a mass for
the supersymmetric partners of the gauge fields, the gauginos
δLsoft = −1
2
Mλλ¯λ. (2.54)
The above soft susy breaking terms seems to break explicitly supersymmetry. However, they
should be considered as part of the low energy effective Lagrangian that does not include the
sector responsible for the spontaneous breaking of supersymmetry.
2.6 Local Supersymmetry Embraces Gravity
In the previous sections we constucted a supersymmetric Lagrangian which yields an action
that is invariant under supersymmetric transformations e.g. (2.29)-(2.31) for a theory with a
chiral superfield
δφ ∼ ǫ¯Ψ, δΨ ∼ ǫγµ∂µφ, δF ∼ ǫ¯γµ∂µΨ. (2.55)
The ǫ is a spinorial ”small” parameter that did not depend on spacetime. This symmetry is
global. If we now allow ǫ = ǫ(x), hence local supersymmetry, then new terms appear that spoil
the supersymmetry of the theory. We can ensure local susy invariance by adding a term whose
transformations will compensate the unwanted terms. This term must transform according to
δψµr =
2
κ
∂µǫr (2.56)
Therefore, the new term that we introduce, ψµr, has both spinor and vector indices. It de-
scribes a spin-3/2 particle. Under susy transformations, this new term cancels at first place
the unwanted term coming from the spacetime dependence of ǫ(x) however, it introduces new
terms that render the action non-supersymmetric. We must now add in the Lagrangian an
extra term
Lg = −gµνT µν . (2.57)
We introduced a tensor that we identify with the metric tensor of Einstein gravity and thus,
the (2.57) is the contribution of the scalar field to the Lagrangian of general relativity. In
conclusion, it is possible to construct a locally supersymmetric Lagrangian with the fields φ,
Ψ, ψµ and gµν . A massless spin-2 particle together with its susy partner, the massless spin-3/2
were introduced. The constant κ is the gravitational coupling. Hence
κ−1 =
√
~c
8πGn
=
mP l√
8π
≡MP = 2.4× 1018GeV. (2.58)
Just as the local U(1) phase invariance allowed us to ”derive” Maxwell’s theory of electromag-
netism, so the requirement of local susy allows us to deduce classical gravity (general relativity)
and gravitational interactions.
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The simplest possible supersymmetric gravity (sugra) model is that with only the gravity
multiplet which consists of a spin-2 graviton, gµν , and a spin-3/2 Majorana gravitino, ψµr. The
Einstein Lagrangian is
L(2) = −M
2
P
2
eR (2.59)
where e ≡ det(emλ) = [det(emλ)]−1 = [−det(gµν)]1/2 and emλ is the vierbein field which may be
regarded as the square root of the metric. The Lagrangian that describes the massless spin-3/2
field ψµ is described by the Rarita-Schwinger Lagrangian
L(3/2) = −1
2
ǫµνρσψ¯µγ5γν∂ρψσ. (2.60)
A first guess for a sugra Lagrangian is the sum of the L(2) and L(3/2)
L = L(2) + L(3/2) (2.61)
which includes covariant derivatives instead of the ∂ρ since we work in a curved spacetime.
The simple gravity multiplet (ǫmλ, ψµr) is adequate ”on-shell” but it must be supplemented by
additional auxillary fields in order that the ”off-shell” algebra is closed. Counting the degrees
of freedom we find that we have 12 fermionic and 6 bosonic degrees of freedom. This mismatch
means we need at least six auxiliary bosonic fields. The off-shel algebra closes if we introduce
a scalar S, a pseudoscalar P and an axial vector Aµ with a sugra Lagrangian of the form
L = L(2) + L(3/2) − e
3
(S2 + P 2 −A2µ) (2.62)
where the auxiliary fields are eliminated by the equation of motion.
To obtain a local supersymmetric Yang-Mills theory we must couple the ”pure” sugra La-
grangian to a Lagrangian that describes the gauge and matter fields. We construct covariant
derivatives ∂ρ → Dρ which enable the graviton to couple to the spin-1, spin-1/2 and spin-0
fields. We next add to the Lagrangian the terms that are required to ensure local susy. We
then eliminate the auxiliary fields in favour of the dynamical fields. The final Lagrangian
(keeping only few essential terms) has the form
1
e
L = −1
2
R +Gji∂µφ
i∂µφ∗j − eG[GiGj(G−1)ij − 3] + VD −
1
4
Re(fab)F
a
µνF
µνb + eG/2ψ¯µσ
µνψν + ...
(2.63)
where the gravitational coupling (or the reduced planck mass) was set equal to unity MP = 1
and where
Gi ≡ ∂G
∂φi
, Gj ≡ ∂G
∂φ∗j
, Gji ≡
∂2G
∂φi∂φ∗j
. (2.64)
The full Lagrangian is characterized by two arbitrary functions of the scalar fields: a real
function G(φi, φ∗i ) called generalized Ka¨hler potential and an analytic function fab(φ
i). These
functions determine the general forms allowed for the kinetic energy terms of the scalar fields
φi and of the gauge fields Aaµ respectively. The scalar kinetic-energy term demonstrates that
Gji plays the role of the metric in the space spanned by the scalar fields and is referred to as a
Ka¨hler metric. In the absence of gravity Gji → δji and fab → δab.
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The Lagrangian (2.63) contains a scalar potential of the form
V (φ, φ∗) = VD + eG[GiGj(G−1)ij − 3]. (2.65)
The VD is the part of the potential stemming from the D
a auxilary fields. The origin of the
first term in the square brackets is related to the elimination of the auxiliary field term |F |2
including now the Ka¨hler metric
|F |2 →
∣∣∣∣∂W∂φi
∣∣∣∣
2
(G−1)ij. (2.66)
The second term in the bracket comes from the elimination of the auxiliary scalar field terms,
−|S+ iP |2 in the sugra part of the Lagrangian. The negative sign has considerable importance.
The eG factor arises from the Weyl rescaling of the eµλ fields required to bring the first term
in the sugra Lagrangian (2.63) into the canonical Einstein form, −R/2. This rescaling implies
a redefinition of the fermion fields and hence a factor eG/2 in the last part of the Lagrangian.
Owing to this term, when the local susy is spontaneously broken the gravitino acquires a mass
m3/2 = e
G/2, (2.67)
where G evaluated at the minimum of the potential (2.65).
In general, in the presence of gravity there is no requirement that the Lagrangian should
be renormalizable and there is no reason the G(φ, φ∗) to correspond to only renormalizable
kinetic terms. However, the function G has to satisfy certain conditions for the theory to be
well defined. We require Gij > 0 so that the kinetic terms of the scalar fields have the correct
sign. A special choice is
G =
φiφ∗i
M2P
+ log
∣∣∣∣ WM3P
∣∣∣∣
2
(2.68)
where we reintroduced the Planck mass. With this choice of the Ka¨hler potential the sugra
scalar potential (2.65) is written
V (φ, φ∗) = eK(Wi +M−2P KiW )(K
−1)ij(W
†j +M−2P K
jW †)− 3eKM−2P |W |2 + VD (2.69)
where VD = 1/2g
2Gi(Ta)ijφjG
k(Ta)klφl. In the limit of vanishing gravity, MP → ∞, the
scalar potential reduces to the potential of the global supersymmetry V =
∑
i |∂W/∂φi|2 +
1
2
g2
∑
a(φ
∗T aφ)2.
2.7 Local Supersymmetry Breaking
In the case of globally supersymmetric theories a supersymmetric vacuum state has zero energy,
and if supersymmetry was spontaneously broken in the vacuum state has positive energy. When
gravity is included the vacuum energy is no longer positive definite. At the scalar potential
(2.65) we see the negative term V = −3eGM4P = −3eK |W |2M4P . There is the possibility here
of a ground state with negative energy.
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In the local supersymmetric case spontaneous breaking also occurs when at least one of
the fields in the theory has a vev that is not invariant under supersymmetry transformations.
Asking for Lorentz invariance the only local supersymmetry transformation laws that can be
non-zero are
〈0 |δΨi| 0〉 = −eG/2(G−1)ijGjǫ (2.70)
and
〈0 |δλa| 0〉 = i
2
gRef−1ab G
i(Tb)ijφjǫ (2.71)
where expectation values of the fields is assumed. For a theory with a gauge non-singlet chiral
superfield Φi with canonical kinetic terms the right hand sides of (2.70) and (2.71) can be
non-zero. In particular in the former case
∂W
∂φi
+ φ∗iW 6= 0 (2.72)
for some values of the fields, generalizing F -term supersymmetry breaking to supergravity. In
the later case
Gi(Ta)ijφj 6= 0 (2.73)
generalizing D-term breaking in supergravity.
Another important point is the value of the vacuum energy. In principle, a supersymmetry
breaking minimum can have negative, positive or zero value. For phenomenological reasons it
is desirable to tune its value to zero. Apart from the cosmological constant problem it is also
the definition of the mass which is subtle when the spacetime is anti-de Sitter. If the minimum
is anti-de Sitter with energy density −V0 it is possible to achieve cancelation of this vacuum
energy thanks to a positive contribution that can be tuned to be +V0. Then, from the sugra
Lagrangian (2.63) the term eG/2MP corresponds to m3/2 since, ψ¯µσ
µνψν = 1/2ψ¯
µψµ. Hence we
see that when supersymmetry is broken the gravitino has mass
m23/2 ≡ eGM2P =M−2P
V0
3
. (2.74)
The breaking is now demonstrated by a non-zero gravitino mass (which can easily recognized
in the Lagrangian thanks to the Minkowski background). Since the graviton stays massless, a
massive gravitino is a clear sign of supersymmetry breaking in the spectrum.
The last statement is tightly connected to the appearence of the massless Goldstino due to
the spontaneous breaking of supersymmetry. In locally supersymmetric theories the Goldstino
field is ’eaten’ by the gauge field of local supersymmetry, namely the gravitino, and in this
way the gravitino acquires a mass. Similar to the Higgs mechanism, there is a choice of super-
symmetric gauge in which the Goldstino disappears from the physical spectrum providing the
helicity ±1/2 degrees of freedom to the gauge transformed gravitino ψµr. This is the so called
”super-Higgs” mechanism. Hence, local supersymmetric theories have the attractive features
that do not suffer from massless Goldstino fields and can give a Minkowski supersymmetry
breaking vacuum as presented above.
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2.8 The Minimal Supersymmetric Standard Model
Here we briefly review the minimal version of a supersymmetric Standard Model (MSSM).
The observable fields are considered to be part of superfields. The missing components of the
supermultiplets have to be massive enough in order to evade experimental limits. Their masses
should be soft i.e. they are at most corrected logarithmically. The MSSM soft masses are listed
below:
1. Mass terms for squarks, sleptons and Highs fields:
Lscalars = Q∗m2QQ+ U¯∗m2U U¯ + D¯∗m2DD¯ + L∗m2LL+ E¯∗m2EE¯
m2HU |HU |2 +m2HD |HD|2 +BµHUHD + c.c. (2.75)
The m2Q, m
2
U etc. are hermitian matrices in the space of flavours. The first five matrices
are 3 × 3 Hermitian matrices (45 parameters); the Higgs mass terms add an additional,
for a total of 49 parameters.
2. Cubic couplings of the scalars:
LA = HUQAU U¯ +HDQADD¯ +HDLAEE¯ + c.c. (2.76)
The matrices AU , AD and AE are complex matrices, each with 18 real entries so we have
additional 54 parameters.
3. Mass terms for b, w, and λ gauginos of the gauge groups U(1), SU(2) and SU(3) respec-
tively:
m1bb+m2ww +m3λλ (2.77)
These are three complex quantities, making six additional parameters
4. The µ term for the Higgs field,
Wµ = µHUHD (2.78)
which accounts for two additional parameters.
Counting the numbers of the MSSM parametrs beyond those of the Standard Model it appears
to be 111 new parameters. However, the MSSM lagrangian has symmetries which are broken
by the general soft breaking terms that include a ”Peccei-Quinn” symmetry under which the
HU and HD rotate by the same phase and accordingly the quarks and leptons; a continuous
R-symmetry. Redefining the fields reduces the number of parameters to 105.
Over the years, there have been extensive searches for superpartners of ordinary particles
and these severely constrain the spectrum. These translate to constraints on the construc-
tion of supersymmetric models including models of Dynamical Supersymmetry Breaking. The
phenomenological requirements to be fulfilled are basically
• the Z boson mass, mZ = 91 GeV
• the Higgs boson mass constraint, mh > 114 GeV [17]
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• the Higgsino mass constraint, mH˜ > 94 GeV [1]
• the gaugino mass constraint, mλ > O(100) GeV [1], however, one of the neutralinos can
be very light [94, 18, 70]
• the top quark mass, mt = 173 GeV [155]
• and the bound on the electric dipole moments of the neutron, dn < 3× 1026e cm [14]
These bounds come from direct searches of superpartners but also from the absence of Flavour
Changing Neutral Currents (suppression of K ↔ K¯, D ↔ D¯ mixing; B → s+ γ, µ→ e+ γ,...
) [124] and suppression of the CP violation (dn, phases in KK¯ mixing).
These imply a spectrum that is highly degenerate and CP violating phases in the soft
breaking Lagrangian are suppressed. This happens in many gauge mediated models (see next
chapter) and in special regions of some superstring moduli space [104]. Other possible expla-
nations include flavour symmetries [16].
2.8.1 The interference with Cosmology
An important observational output from cosmology is the certainty of the dark matter exis-
tence. The dark matter relic density has been determined with good precision. Upcoming
observations, such as by the Planck satellite are likely to reduce the uncertainties in the relic
density determination to 1% level, given the standard cosmological assumptions. Astrophysical
experiments may also detect dark matter either directly through its interactions with ordinary
matter or indirectly through its annihilation decay products. Such data, combined with astro-
physical inputs such as the dark matter halo profile and the local density provide information
about the strength χN scattering and χχ annihilation, where χ the dark matter particle and
N an ordinary nucleus.
Until today, the cosmological observations and the dark matter detection experiments can-
not discover supersymmetry. In particular, the properties of dark matter are loosely con-
strained. If dark matter is discovered in direct or indirect detection experiments, its mass and
interaction strengths will be bounded but only very roughly at first. Moreover, the microscopic
implications of such experiments are clouded by significant astrophysical ambiguities, such as
the dark matter velocity distribution, halo profiles etc.
2.8.2 The Supersymmetric Fine Tuning Problem
The experimental lower limit bound on the Higgs boson mass from LEP-II, mh > 114 GeV [17]
has put a threat on supersymmetric models. In minimal supersymmetry the Higgs field h is
a linear combination of the two Higgs doublets, HU and HD. The potential for h is given by
[112]
V = m2h|h|2 +
λh
4
|h|4, (2.79)
wherem2h is negative and λh is positive. By minimizing the potential we obtain 〈h〉2 = −2m2h/λh
and the physical Higgs boson mass is
M2Higgs = λh 〈h〉2 = −2m2h (2.80)
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For moderately large tanβ ≡ 〈HU〉 / 〈HD〉 e.g. tanβ & 2, mh can be written as
m2h = |µ2|+m2HU
∣∣
tree
+m2HU
∣∣
rad
, (2.81)
where µ is the supersymmetric mass for the Higgs doublets and m2HU
∣∣
tree
and m2HU
∣∣
rad
represent
the tree-level and radiative corrections to the soft supersymmetry-breaking mass squared for
HU . The dominant contribution to m
2
HU
∣∣
rad
arises from top-stop loop:
m2HU
∣∣
rad
≃ − 6yt
(4π2)
(
m2Q3 +m
2
U3 + |At|2
)
ln
(
Mmess
mt˜
)
, (2.82)
where yt is the top Yukawa coupling, mQ3 and mU3 soft supersymmetry breaking masses for the
third-generation doublet quark, Q3 and singlet up-type quark U3, and At the trilinear scalar
interaction term for the top squarks (a product of the A parameter and the top Yukawa coupling
i.e. L = −ytAtQ3U3HU + h.c.). The Mmess represents the scale at which squark and sleptons
are generated.
In order to satisfy the experimental bound, we need either a heavy scalar top quark (stop)
or a large At-term (the stop-stop-Higgs coupling) since a significant one-loop contribution to
mh is necessary. On the other hand, once we have large mt˜ or At it induces a large one-loop
contribution to the soft mass term m2HU . This immediately means that there is a fine tuning
in the electroweak symmetry breaking, namely
M2Z
2
≃ −|µ|2 −m2HU
∣∣∣∣
tree
−m2HU
∣∣∣∣
rad
(2.83)
MZ is the Z boson mass. If m
2
HU
∣∣
rad
≫ M2Z we need cancelation between m2HU
∣∣
rad
and either
µ2 or m2HU
∣∣
tree
to reproduce the correct value of the Z boson mass. A cancellation of at least
O(1 − 5%) is necessary to satisfy the bound on the Higgs boson mass in a generic gravity or
gauge mediation modes [112].
A variety of solutions have been proposed to this problem. Models with an additional
singlet beyond the MSSM fields are known collectively as the ”Next to Minimal Supersymmetric
Standard Model” (NMSSM).
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Chapter 3
Schemes of Supersymmetry Breaking
Firstly, F -term and D-term paradigms of spontaneous supersymmetry breaking are presented.
The necessity for a hidden sector and its features are discussed. Secondly, the gravity, anomaly
and gauge mediation schemes of supersymmetry breaking to the visible sector are described.
The gauge mediation is presented in detail.
3.1 F-term Supersymmetry Breaking
In the first chapter it was shown that supersymmetry breaks spontaneously when one of the
auxiliary fields Fi orD
a, of a chiral and a vector supermultiplet respectively, acquires a vev. This
can happen dynamically by constructing models that implement this spontaneous breaking. A
simple example is model which has a non-supersymmetric ground state. In the global limit,
MP →∞, this is a state of positive energy. This breaking of supersymmetry can be realized in
a theory with chiral superfields Φi. Working from now on in the global limit, the potential reads
V =
∑
i |∂W/∂ϕi|. Hence all the information -the interactions- is included in the superpotential
which for a renormalizable theory takes the general form
W (Φi) = fiΦi +
1
2
mijΦiΦj +
1
3
λijkΦiΦjΦk. (3.1)
The simplest example of a model without any supersymmetric minima is the O’Raifeartaigh
model [136] has three chiral superfields Φ1, Φ2 and Φ3 (ϕ1, ϕ2, ϕ3, the dynamical scalar degrees
of freedom) with superpotential
W (Φ1,Φ2,Φ3) = λΦ1(Φ
2
3 − µ2) +MΦ2Φ3. (3.2)
For µ2 < M2/2λ21 the absolute minimum of the potential
V =
3∑
i=1
|Fi|2 = λ2|ϕ23 − µ2|2 +M2|ϕ3|2 + |Mφ2 + 2λϕ1ϕ3|2 (3.3)
occurs at 〈ϕ2〉 = 〈ϕ3〉 = 0 and 〈ϕ1〉 is undetermined. In a first view 〈ϕ1〉 seems to be a
flat direction. However, since it is a supersymmetry breaking direction, the interctions of the
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ϕ1 with the rest of the fields induce a potential at 1-loop approximation for the ϕ1 and the
degeneracy gets lifted. Thus it is usually called pseudo-flat direction. At this absolute minimum
F †1 = λµ
2, F †2 = F
†
3 = 0 (3.4)
and
V = λ2µ4 > 0. (3.5)
Because F1 is non-zero we expect that the fermion of the Φ1 chiral supermultiplet, Ψ1, to be
the Goldstone fermion associated with the spontaneous breaking. This may be verified by
looking at the fermion mass matrix ∂2W/∂ϕi∂ϕj . Hence at tree level the Φ1 supermultiplet
has supersymmetric masses. On the other hand the masses of Φ2 and Φ3 supermultiplets are
no longer supersymmetric. One finds
√
M2 − 2λF1 for the Re(ϕ2),
√
M2 + 2λF1 for the Im(ϕ2)
and M for ϕ3. The off-diagonal structure of the fermion mass matrix signals that the two Weyl
spinors Ψ2 and Ψ3 can combine to give a single Dirac fermion with mass ±M (the sign, as in
any fermion mass, can be redefined through phase redifinitions). The particular mass squared
splitting ±2λF in the components of the complex scalar ϕ2 is due to its direct coupling to the
Φ1 which contains the Goldstone fermion.
One may observe that in the above theory the sum squared masses of the bosons is twice
the sum of the mass squared of the fermions. This is a tree level feature of theories of chiral
superfields
STrM2 ≡
1/2∑
J=0
(−1)2J(2J + 1)M2J =
∑
M2boson − 2
∑
M2fermion (3.6)
where STrM2 and is called the supertrace. In the presence of supersymmetry breaking equation
(3.6) is modified by radiative corrections, though it does not receive divergent contributions
(section 1.6). It is also modified in theories containing vector superfields if D-terms develop
vevs. Nevertheless, such a relation poses severe phenomenological problems: it means that
the average boson mass squared coincides with the average fermion mass squared which is not
supported experimentally. For the electron, for example, this would imply that one of the two
scalar selectrons must have a mass less than or equal to that of the electron. However, limits
on the supersymmetric particles tend to show that on average, bosons are much heavier (not
discovered actually (2011)) than the fermions in the hypothetical chiral supermultiplets.
3.2 D-term Supersymmetry Breaking
In gauge theories it is possible to break supersymmetry utilizing the auxiliary D(x) field of
a vector superfield. Let us assume a U(1) gauge theory interacting with chiral superfields Φi
having charges ei. This yields a D-term
D = −
∑
i
eiϕ
†
iϕi. (3.7)
The vev of the D field can be non-zero if the scalars ϕi have non-zero vevs. This last depends
on the way the scalars interact, hence, on the superpotential W (Φ). However, it is possible
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to realize a D-term supersymmetry breaking without relying on the form of the superpoten-
tial. From (2.43) we see that for U(1) gauge theories there is an additional gauge invariant
supersymmetric term: the Fayet-Iliopoulos D-term [78] and the (3.7) reads
D = −
(
ξ +
∑
i
eiϕ
†
iϕi
)
. (3.8)
It is then possible to break supersymmetry in a gauge theory with just a single scalar chiral
field Φ having charge e. The Lagrangian is
L = 1
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(W αWα)F + (Φ
†e2eVΦ)D + ξ(V )D (3.9)
where Wα the field strength (chiral) superfield and V the vector superfield. The U(1) gauge
invariance forces the superpotential, and therefore the F -terms, to vanish. The D-term reads
D = − (ξ + eϕ†ϕ) and if ξe > 0 then the scalar potential V (ϕ) = D2/2 cannot vanish and
it gets minimized for a zero vev of ϕ. Thus the U(1) gauge invariance is unbroken but since
〈D〉 = −ξ 6= 0 the ground state of the potential has positive energy ξ2/2 and supersymmetry is
spontaneously broken. The scalar field ϕ acquires a non-zero mass m2ϕ = eξ while its fermionic
superpartner Ψ remains massless. The unbroken gauge invariance ensures that the gauge field
Aµ remains massless. The gaugino field λ also remains massless for it is the Goldstone fermion
associated with the spontaneous breaking of the global supersymmetry.
Models of D-term breaking that include more fields can be constructed. Generally, the
Fayet-Iliopoulos term affects the scalar sector while the fermion sector does not feel the broken
supersymmetry. Moreover, an abelian gauge symmetry has potential problems with quantum
anomalies (triangle anomaly).
As mentioned it is also possible the D-term to be non-zero without the presence of a Fayet-
Iliopoulos term. For example, in an SU(3) supersymmetric Yang-Mills theory
VD =
1
2
(∑
3
ϕ†T aϕ−
∑
3¯
ϕ¯T aϕ¯†
)2
. (3.10)
Generally the terms in the parenthesis can sum to zero. However, one can arrange a superpo-
tential such that the solutions of the Fi = 0 conditions do not coincide with the solutions of
the D = 0 conditions. This can lead to a D-term breaking again with the sum rule (3.6) valid
at tree level.
3.3 The Hidden Sector Hypothesis
The conclusion of the last two sections is that these models presented cannot be straightly
applied to the Standard Model and explain the mass spectrum of the particles we observe.
The problem is rooted in the sum rule (3.6) which is, however, valid only at tree level. Hence,
the phenomenological problems encountered by both F and D type breaking can be evaded
once we isolate the supersymmetry breaking sector from the sector of quarks, leptons and their
supersymmetric partners.
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Isolation of the supersymmetry breakig sector means that there are no tree level couplings
between the superfield that breaks supersymmetry (via its F or D auxiliary fields) with the
superfields of the Supersymmetric Standard Model (SSM). The first step on the way of con-
structing (or discovering from another point of view) this, so called, hidden sector is to identify
its energy scale. Heuristically we can say that the splitting in the supermultiplets has to be
proportional to the vev of the F or D field (i.e. the scale of supersymmetry breaking) and
to the strength of the interaction that mediates this breaking. As explained, there must not
be any tree level couplings, hence the coupling between the supermultiplet that contains the
Goldstone fermion and the observable fields has to be either loop suppressed or gravitational.
Taking into account that the splitting in the supermultiplets is experimentally constrained to
be at least of the order of O(100) GeV this implies that the non-zero vev of the F field is much
larger than the masses of the observed fields. Hence, the hidden sector is characterized by a
new mass scale well above the electroweak scale.
We are thus led to the following picture, which provides a phenomenologically reasonable
supersymmetric extension of the Standard Model. Apart from extending the Standard Model
fields to superfields we also introduced a hidden sector with no direct coupling to quarks,
leptons and Standard Model gauge bosons. Supersymmetry is spontaneously broken in this
hidden sector. A weak interaction couples the two sectors and induces a supersymmetry-
breaking effective interaction for the Standard Model particles and their superpartners. If MHS
is the mass scale of the hidden sector, the supersymmetry breaking mass terms induced for the
Standard Model sector are of the order of
mSB ∼ 〈F 〉
Mmess
∼ M
2
HS
Mmess
(3.11)
where Mmess is the mass of the particle responsible for the weak connection between the two
sectors. The mass Mmess is called the messenger scale . The universal gravity interaction is
always present. Hence supergravity is a messenger by default; if it is aslo the only one then
M = MP and then MHS ∼ 1011 GeV. In this scenario the superpartners acquire mass of the
order of the parameter mSB in (3.11). It is also very reasonable to assume that the hidden
sector is charged under the standard model gauge group. In that case the mass Mmess can be
much lower than the MP . This implies that the scale of supersymmetry breaking MHS has to
be lower here in order to keep the mass of the superpartners m at the same scale. This scenario
is called gauge mediation which is also the direction of research of this thesis. Finally, there is
an alternative to supergravity and gauge mediation scenarios the so called anomaly mediation
.
The breaking of supersymmetry results in a splitting in the supermultiplets. Still, the
quarks, the leptons and the gauge bosons cannot obtain mass until the SU(2)L × U(1)Y is
broken. Nonetheless, it is attractive consider that the symmetry-breaking terms that give mass
to the superpartners cause the SU(2)L × U(1)Y to be spontaneously broken, at more or less
the same scale.
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3.4 Supergravity Mediation
A straightforward way to hide a sector it is to assume that it has no any Standard Model
charges. Hence, the supersymmetry breaking effects will be communicated by gravity which is
always present.
3.4.1 A Supergravity Application: The Polonyi Model
The simplest example of gravity mediated supersymmetry breaking to the observable sector is
the Polonyi model. We assume that we have only one chiral gauge-singlet supermultiplet for
which the superpotential is
W (X ) = m2(X + β) (3.12)
where X denotes the chiral superfield in the hidden sector1. From (2.69) the scalar potential
for the scalar component X of X and for canonical Ka¨hler becomes
V = eX
†X
(∣∣∣∣(m2 + m2(X + β)X†M2P
∣∣∣∣
2
− 3m
4
M2P
|X + β|2
)
. (3.13)
At the minimum ∂V/∂X = ∂V/∂X† = 0 we impose the condition of zero cosmological constant
V = 0 and we get
Xmin = (
√
3− 1)MP , β = (2−
√
3)MP . (3.14)
The gravitino mass at this ground state is
m3/2 =MP e
G/2 =
|W |
M2P
eX
†X/2M2P =
m2
MP
e2−
√
3 (3.15)
and the scale of supersymmetry breaking defined by
M2SB = e
G/2(G−1)jiGj (3.16)
is M2SB =
√
3m3/2MP . As we will see below, the gravitino mass is tightly related to the soft
masses. We want to have m3/2 ∼ MW ∼ 1 TeV. Hence, the parameter m in the hidden sector
must be an intermediate scale
m ≃√MPm3/2 ∼√MPMW ∼ 1011GeV. (3.17)
In order the information of supersymmetry breaking to reach the observable sector we couple
the hidden to the low-energy observable multiplets assuming that the superpotential is
W (X ,Φi) =Wh(X ) +Wo(Φi). (3.18)
In the limit of global supersymmetry the scalar potential reads
V (X, φi) =
∣∣∣∣dWhdX
∣∣∣∣
2
+
∑
i
∣∣∣∣∂Wo∂φi
∣∣∣∣
2
(3.19)
1In the following we will adopt the convenient notation where X stands for both the superfield and the scalar
component of the multiplet.
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Figure 3.1: The shape of the Polonyi potential. The horizontal axis is the Polonyi field X value
in MP = 1 units. The vertical axis is the potential V (X) density in m
4 units. The minimum
is close to MP , it is non-supersymmetric and the cosmological constant there (the Polonyi field
potential energy density) is zero.
and the two sectors are completely decoupled. Restoring theMP we see that the two sectors are
coupled only gravitationally. Assuming also here a flat Ka¨hler metric we can calculate the scalar
potential asking again for zero cosmological constant at the minimum. After parametrizing the
minimum as X = aMP and the hidden sectror superpotential as Wh = bm
2MP the gravitino
mass reads m3/2 ≃ bm2ea2/2/MP . The low energy effective theory can be obtained in the limit
MP →∞ and holding at the same time the m3/2 fixed. Then the low energy effective potential
takes the form
Veff = m
4
[
(1 + ab)2 − 3b2] ea2 +
∣∣∣∣∣∂Wˆo∂φi
∣∣∣∣∣
2
+ Vsoft + VD (3.20)
where
Vsoft = m
2
3/2|φi|2 +m3/2
[
∂Wˆo
∂φi
φi + (A− 3)Wˆo + h.c.
]
(3.21)
and Wˆo ≡ ea2/2Wo, A ≡ a(1/b + a). The first term in the (3.20) is the cosmological constant
of the theory which can be set to zero by the choice (1 + ab)2 = 3b2. Actually, there will
be corrections by constant terms of order m23/2/M
2
P and the cosmological constant can be fine
tuned to zero only after taking into account any symmetry breaking in the light sector. The
second term is of the standard form for unbroken global supersymmetry with superpotential
Wˆ . The Vsoft are the supersymmetry breaking terms. The last term are the D-terms which,
in general, the low energy effective potential may contain. They read VD = Ref
−1
ab DaDb with
Da = gφ
∗i(Ta)
j
iφj.
The part of the low-energy Lagrangian involving chiral spin-1/2 fermions is as for unbroken
global supersymmetry and hence, all the supersymmetry breaking terms are soft. This can
be seen from the complete supergravity Lagrangian for chiral supermultiplets [12]. Therefore,
m3/2 is the universal supersymmetry breaking mass splitting between bosons and fermions in
the same chiral supermultiplet. It is possible to obtain an effective potential in which the
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universality is absent by taking the kinetic terms for the chiral superfields to be non-minimal.
However, universal supersymmetry breaking scalar masses are desirable in order to avoid the
flavour-changing neutral currents in the observable sector.
The parameters in the (3.20) should be understood as being defined at the Planck scale.
Thus to employ the effective potential at the electroweak scale it will be necessary to run the
parameters between the two energy scales by means of the renormalizaion group equations.
According to the susy nonrenormalization theorems the superpotential parameters are not sub-
ject to renormalization however, a nontrivial renormalization occurs in the soft-susy breaking
parameters. In this way a negative mass squared for the Higgs boson at low energies can be
achieved despite its positive soft mass squared at the Planck scale.
At the Vsoft (3.21) we recognize the soft scalar masses of order m3/2 and the A-terms. The
last, for W (φ) = λφ3 simply reads Am3/2λ(φ
3 + φ∗3). However, the last type of soft terms,
the gaugino masses, is missing. It turns out that they can be generated at tree level only
if non-minimal gauge kinetic terms are present with fab being a non-trivial function of chiral
superfields. From the full supergravity Lagrangian we see that
L ⊃ Re[fab(X, φi)] i
4
λ¯aγ
µ∂µλb − 1
4
∂fab
∂X
FX λ¯RaλLb + h.c. (3.22)
The 〈FX〉 is of order m3/2MP and hence, in the case that the gauge kinetic function depends on
the Polonyi field X the gaugino masses are also of m3/2 order. In (3.22) we explicitly included
the possibility of non-universal gaugino masses, although the simple Polonyi model, based
on the flavour-blind gravity, yields universal supersymmetry breaking terms. However, more
complete models that unify gravity with standard gauge interactions exhibit non-universalities
since flavour-blindness is lost.
3.4.2 Gaugino Condensation and Universality
Another possible mechanism for supersymmetry breaking in a supergravity theory would be
for a product of two fermionic gaugino fields to develop a vev. Including gaugino terms there
is the local supersymmetric transformation
δsΨi = −1
8
fabj(G
−1)jiλaλb + other terms, (3.23)
with fabj = ∂fab/∂φ
∗j . The fab is the coefficient of the gauge field strength term. An expectation
value for λaλb can break supersymmetry by making the expectation value of Ψi non-invariant
under a supersymmetry transformation. For this to occur it is necessary for some components
of fabj to be non-zero, which requires non-minimal gauge field kinetic terms. This condition
is fulfilled in a rather model-indpendent way in the framework of superstring inspired models.
Assuming fab = Sδab/MP in order to achieve universality the gauge kinetic terms have the form
L = −1
4
ReS
MP
F aµνF aµν +
1
4
ImS
MP
F aµνF˜ aµν (3.24)
where F˜aµν = ǫµνρσF
ρσ
a is the dual of the gauge field strength F
ρσ
a and the S field can be
identified as the string dilaton. The gauge fermions λa of the vector superfield can condense
33
in analogy to QCD, which leads to quark-antiquark condensates. The vector superfield must
belong to the hidden sector and hence we assume a new asymptotically free gauge interaction
of group Gh, with gauge coupling g, under which the observable fields are neutral. The gauge
coupling explodes at a scale which is approximately given by
Λc =Me
−8π2/(b0g2) (3.25)
where b0 is the one-loop beta function coefficient associated with the hidden sector gauge
symmetry. At this scale, the gauginos are strongly interacting and it is expected to condense
with | 〈λ¯aλb〉 | ∼ Λ3c . Since the S field is identified with the string dilaton then the real part of
its vev should fix the values of the gauge coupling
〈ReS〉 = 1
g2
. (3.26)
Then the scale Λc is written in terms of the vev of the dilaton field
| 〈λ¯a, λb〉 | ∼ Λ3c ∼M3e−12π2〈S+S¯〉/b0 . (3.27)
Such a dependence results in an effective potential for the dilaton which is, typically, exponen-
tially decreasing and induced by the four gaugino term present in the supergravity Lagrangian.
This lifts the initially flat S-direction and yields in the superpotential an extra term
W (S) ∼ e−24π2S/b0 (3.28)
and for finite values of the S-field the FS ∼ e24π2S/b0 breaks supersymmetry. However, the
potential is a runaway towards S → ∞ where supersymmetry is restored. There have been
proposed several ways to stabilize the dilaton. One is via a multiple gaugino condensation
considering more than one gauge groups, a model know as the racetrack model. A second
way is to advocate the presence of a constant in the effective potential. Another example of
stabilization mechanism is to use a nontrivial Ka¨hler function for the dilaton. In string theories,
the simple dependence K = −ln(S + S¯) receives non-perturbative corrections which may lead
to the stabilization of the S field. Hence, it is possible to stabilize the dilaton S at a finite
value breaking also supersymmetry at this vacuum.
The next step towards the construction of a viable phenomenological model is to analyze
how the breakdown of supersymmetry is felt in the observable sector. In gravity mediation this
can be rather model dependent. For example in the no-scale models, all soft supersymmetry
breaking terms vanish at tree level. Although it is possible to generate nonzero soft masses the
universality is usually not expected to hold.
Let us start with the case of the gaugino masses. The boundary values for the soft super-
symmetry breaking terms do not exhibit universality by default. The general expression for
gauginos, as we wrote at (3.22), reads
L ⊃ −1
4
FXab
MP
λ¯RaλLb + h.c. (3.29)
which yields non-universal masses. In context of string theories, this dependence on the flavour
indices is due to corrections from superheavy thresholds that the dilaton coupling receives that
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result in a gauge kinetic term of the form −1/4[ReS+∆a(T, T¯ )]F aµνF aµν where ∆a is a function
of a generic modulus field T .
For the case of sfermion masses similar problems are encountered. Assuming that the F -
term of a Standard Model gauge singlet chiral superfield X breaks supersymmetry. The Ka¨hler
potential is generally expected to have the form
K = −X
†XΦ†Φ
M2P
+
(
XΦ†Φ
MP
+ h.c.
)
+ ... (3.30)
where Φ represents the quark and lepton superfields in the SSM and coefficients of O(1) were
omitted. Since there is no reason for the alignment of the flavour structure too large flavour
changing processes are predicted. This Lagrangian will yield flavour mixing of O(1) which are
unacceptable unless the sfermion masses are of O(10) TeV or heavier.
It seems gravity mediation has a flavour problem because of the above non-renormalizable
operators that can induce flavour changing neutral current in the observable sector. These
Planck suppressed operators render the soft terms sensitive to the ultraviolet physics all the
way to the Planck or compactification scale and so to flavour violation at all scales. Postulat-
ing precise relations among squark masses at high scale, such as universality or proportionality
do not address the problem. These relations are detuned under renormalization group evolu-
tion. For example, in grand unified theories, large flavour violation can be induced by running
between the Planck and the GUT scales [49]. However, there are schemes that avoid these
phenomenological obstacles. For example, in string theory, discrete family symmetries and/or
universal mediation schemes such as dilaton domination in the heterotic string can avoid the
flavour problem, see e.g. [134].
Contrary to the flavour problem, gravity provides a natural explanation of the scale of the
supersymmetric µ parameter in the superpotential. In the case that there is a hidden sector
field X with an F -component, FX = O(M2susy) then it generates the µ parameter in the low
energy superpotential at the correct order of magnitude. This mechanism [84] relies on the
operator ∫
d4θ
X†
MP
HUHD (3.31)
and produces µ = O(M2susy/MP ) which is appropriately of the order of the weak scale.
3.4.3 The Cosmological Polonyi/Moduli Problem
The Polonyi field mass is m2X = O(m2/MP ), i.e. of the order of the gravitino mass, and its
interactions are MP suppressed. It is a light field and decoupled from the thermal plasma and
its decay width is
ΓX =
c
4π
m3X
M2P
. (3.32)
and decays after the Big Bang Nucleosynthesis (BBN) has been completed. It reheats the
universe with a temperature
TX =
(
π2g∗
90
)−1/4√
MPΓX ≃ 5.5× 10−3MeV×
√
c
( mX
1 TeV
)
(3.33)
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An energy, stored in its oscillations, released at such a late time causes a cosmological disaster
[34]. A similar problem, caused by a fermion this time, is the gravitino decay that spoils the
BBN [73]. We note that in the gravity mediation scenarios the gravitino is an unstable particle.
The Polonyi field is a scalar and during an inflationary phase it is expected to be displaced
from the minimum of the potential (3.13). The details of the displacement are rather model
dependent and we refer the reader to the appendix. Here, we review the cosmological problems
caused by scalars with gravitational interactions, calling them collectively moduli -however,
they should no be identified with the stringy moduli fields. The conclusion is that the mass of
the Polonyi field lies in a range that can hardly be compatible with the standard cosmology.
There are two potential dangers with the gravitational relics, ϕ, (moduli fields). If their
lifetime is smaller than the age of the universe, their decay might have released a very large
amount of entropy in the universe and diluted its content. If their lifetime is larger than the
age of our universe, they might presently still be oscillating around their minimum and the
energy stored in these oscillations may overclose the universe. The moduli fields have to be
either superlight or superheavy in order to be compatible with the standard cosmology.
From the (3.32) one thus deduces that the modulus will decay at present times if Γϕ ∼ H0,
that is if its mass mϕ is of order (H0M
2
P )
1/3 ∼ 20 MeV.
The other relevant quantity is the initial value fϕ with respect to its ground state value ϕ0.
Presumably at very high energy (that is above the phase transition associated with dynami-
cal supersymmetry breaking) where the flat direction is restored, one expects generically that
fϕ ∼MP since this is the only scale available (see apendix for specific analysis)
Light Moduli
The first case to be considered is that of a light modlus, i.e. mϕ < 20MeV . In this case the
field has not decayed at the present time. The equation of evolution for the field ϕ reads
ϕ¨+ 3Hϕ˙+ V ′(ϕ) = −Γϕϕ˙ (3.34)
where the last term accounts from particle creation due to the time variations of ϕ. If we assume
that the universe is initially radiation dominated, then H ∼ T 2/MP . As long as H > mϕ the
friction term 3Hϕ˙ dominates in the equation of motion and the field ϕ remains frozen at its
initial value fϕ. When H ∼ mϕ, i.e. TI ∼ (mϕMP )1/2, the field ϕ starts oscillating around the
minimum of the potential which we approximate as
V (ϕ) =
1
2
m2ϕ(ϕ− ϕ0)2 +O[(ϕ− ϕ0)3]. (3.35)
A solution is of the form
ϕ = ϕ0 + A(t) cos(mϕt), (3.36)
with |A˙/A| ≪ mϕ and initial amplitude A(ti) ∼ fϕ. Since, Γϕ < H0 < H one may neglect
the decay term of (3.34) and finds that the energy density stored in the field ϕ behaves as
non-relativistic matter. Since a ∝ T−1 the energy density, due to the coherent oscilliation, at
temprature T is
ρϕ(T ) = ρϕ(Ti)
(
T
Ti
)3
∼ m2ϕf 2ϕ
(
T
Ti
)3
. (3.37)
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Since the radiation energy ρR(T ) behaves as T
4, ρϕ/ρR increases as the temprature of the
universe decreases and one reaches the time where the energy of the scalar field oscillations
dominates the energy density of the universe. One should then make sure that ρϕ(T0) < ρc.
Using (3.42) and Ti = (mϕmP )
1/2 one finds the constraint for the modulus field mass
mϕ < MP
(
ρcmP
f 2ϕT
3
0
)2
∼ 10−26eV (3.38)
for the natural value fϕ ∼ MP . Thus if
10−26eV < mϕ < 20MeV (3.39)
there is too much energy stored in the ϕ field, which has not decayed in present times.
Heavy Moduli
The second case where mϕ > 20MeV that is the scalar field has decayed at present times.
Decay occurs at a temprature TD ∼ Γϕ and assumming that at that time the ρϕ dominates the
energy density we have
Γ2ϕ ∼
ρϕ(TD)
M2P
=
ρϕ(Ti)
M2P
(
TD
Ti
)3
(3.40)
At decay, all energy density is transfered into radiation. Thus the reheating temprature Trh,
that is the tempature of radiation issued from the decay, is given by the condition
ρϕ(TD) ∼ g∗T 4rh (3.41)
From the above equations we find for the reheating temprature
Trh ∼M1/2P Γ1/2ϕ ∼
m
3/2
ϕ
M
1/2
P
. (3.42)
The entropy release is
σ ≡ Srh
SD
=
(
Trh
TD
)3
∼ 1
m
1/2
P Γ
1/2
ϕ
ρϕ(Ti)
T 3i
(3.43)
This gives, using Ti ∼ m1/2ϕ M1/2P and ρϕ(Ti) ∼ M2ϕf 2ϕ, σ ∼ f 2ϕ/(mϕMP ). With initial field
value of order mass Planck, fϕ ∼ MP this gives a very large entropy release as long as the
modulus remains much smaller than the planck scale. This energy release must necessarily
precede nucleosynthesis since otherwise it would dilute away its effects. This condition, namely
Trh > 1MeV, gives mϕ > 10TeV. Thus for 20MeV < mϕ < 10TeV the entropy release following
the decay of the modulus field is too large to be consistent with present observations. In the
absence of other effects, we are left with only superlight moduli fields (mϕ < 10
−26eV ) or heavy
ones (mϕ > 10TeV).
The summary of this section is that, although gravity mediation is a natural way to mediate the
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breakdown of supersymmetry to the visible sector it is usually accompanied by severe problems:
strong constrains from the FCNC in the visible sector and a gravitationally interacting Polonyi
field that spoils the success of the BBN predictions. An additional gravitational problem is the
decay of the gravitino that restricts the reheating temperature to values Trh < 10
9 GeV and a
leptogenesis scenario cannot be realized. Except for the gravity mediation scenario there are
also different mechanisms. Two popular alternatives are the anomaly and the gauge mediation
that we discuss below. Gauge mediation, in particular, is the central scenario studied in this
thesis.
3.5 Anomaly Mediation
In the supergravity theories there is a further contribution to the soft masses called anomaly
mediation [139, 86]. It originates from the regularization of the integrals present in the loop
calculations. Aslo, as it was mentioned [64] this particular phenomenon is common in Quan-
tum Field Theory and occurs also in supersymmetric theories without gravity. The regulator
necesserily breaks supersymmetry in models of supersymmetry breaking, i.e. the cut-off in-
duces an extra mass spliting in the observable multiplets and hence, contributes to the gaugino
masses and the A-terms. Such a contribution is always present and gives the leading effect in
models where there are no singlet fields present in the hidden sector, or models in which the
singlets do not couple to the gauge fields in the required way. Assuming a cut-off of a theory
the energy scale Λ then this can be interpretted in terms of a field. Then the cut-off of the
momenta in the integral can be associated with an effective F-term FΛ = Λm3/2. Including
the one-loop renormalization effects the gauge kinetic term of the observable sector reads
L = −1
4
(
1
g2
+
b(1)
8π2
log
Λ
µ
)
FµνF
µν . (3.44)
Hence the gaugino masses are non-zero
L′ = 1
4
b(1)
8π2
1
Λ
FΛλ¯RλL + h.c =
1
4
b(1)
8π2
m3/2λ¯RλL + h.c (3.45)
and equal to
mλ = −b
(1)g2
16π2
m3/2 (3.46)
where the non-canonical form of the kinetic terms (3.22) was taken into account. In the case that
the anomaly (actually, the should be called super conformal) mediated contributions dominate
the prediction for gaugino masses is strikingly different from gravity mediation. For the minimal
supersymmetric standard model one finds that the wino, A˜3 is lighter than the bino B˜ and
vecomes the LSP. The wino annihilation is very efficient and hence, the predicted thermal relic
density of such a LSP is insufficient to account for dark matter.
Similarly, A− terms are generated
Aijk =
1
2
(γi + γj + γk)m3/2 (3.47)
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where the γi = µ(d lnZi/dµ), with µ the renormalization scale, are the anomalous dimensions
of the corresponding cubic term λijkφ
iφjφk in the superpotential. The γ’s are functions of the
gauge couplings gj and Yukawa couplings λk.
The scalar masses squared receive contribution
m˜2i = −
1
4
dγi
d logµ
m23/2 (3.48)
at the renormalization scale µ. For the sleptons case the above contribution is negative and the
sleptons are tachyons. Unless there is an extra contribution from the hidden sector to the soft
scalar masses anomaly maediation is characterized by this instability that cause a spontaneous
breaking of U(1)em and makes the photon massive. Hence, for phenomenological purposes one
usually introduces a universal contribution m0 in addition to the anomaly mediated ones.
For having mλ = O(100) GeV, a large gravitino mass m3/2 ∼ 10 − 100 TeV is needed.
Because of the flavour blindness of the mediation mechanism, there is no supersymmetric flavour
problem. The large value of m3/2 enhances the decay rate of the gravitino. This makes the
gravitino cosmologically harmless as it decays before the BBN starts. The cosmological moduli
problem (or Polonyi) problem is also absent. The field responsible for the supersymmetry
breaking can have any conserving charges, and thus it is reasonable to assume that it is attracted
by the symmetry enhanced points during and after inflation so that there is no large initial
amplitude. Another phenomenological puzzle of the anomaly mediation is the derivation of a
correct order of magnitude for the µ and Bµ parameters since the absence of a gauge-singlet
field in the Hidden sector forbids the operator (3.31).
3.6 Gauge Mediation
If the messenger scale is well below the Planck scale, it is likely that the usual gauge interactions
of the Standard Model play some role in the messenger sector. This is because Standard Model
gauginos couple at the renormalizable level only through gauge interactions. If the Higgs
bosons received masses predominantly from non-gauge interactions in the messenger sector,
with only a small contribution from gauge interactions, the Standard Model gauginos would be
unacceptably lighter than the electroweak scale. It is therefore interesting to consider theories
in which the Standard Model gauge interactions act as messengers of supersymmetry breaking
[52, 47, 53, 9, 54, 48, 133, 57, 58, 62, 87] and some standard reviews [87, 49]. This mechanism
occurs if supersymmetry is realized non-lineraly in some sector which transforms under the
Standard Model gauge group. Supersymmetry breaking in the visible sector spectrum then
arises as a radiative correction.
Low energy supersymmetry removes power low sensitivity to ultraviolet physics. Although
the parameters of the low energy theory are renormalized they are only logarithmically sensitive
to effects in the ultraviolet. Hence, if the messenger sector for supersymmetry breaking is
well below the scale the Yukawa hierarchies are generated, the soft terms can be insensitive
to the flavour sector. Naturally small flavour violation can result without specially designed
symmetries.
Standard model gauge interactions act as messengers of supersymmetry breaking if fields
within the supersymmetry breaking sector transform under the Standard Model gauge group.
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Integrating out the messenger sector fields gives rise to radiatively generated soft terms within
the visible sector. Supersymmetry breaking entails the presence of a Goldstino superfield that
we assume it overlaps with a chiral superfield X , which acquires a vev along the scalar2 and
auxiliary components
〈X〉superfield = 〈X〉+ θ2F. (3.49)
The parameters 〈X〉 and √F which are the fundamental scales in the theory and can vary from
severals tens of TeV to almost the GUT scale. TheX can coincide with the Goldstino superfield.
This is the case considered here; however, there are hidden sectors in which the Goldstino is
a linear combination of deifferent fields. The mass scale
√
F is the measure of supersymmetry
breaking in the messenger sector that consists of the chiral messenger superfields φ, φ¯. The
messenger mass eigenvectors are (φ+ φ¯†)/
√
2 with squared-mass eigenvalues
m2± = λ
2 〈X〉2 ± λF . (3.50)
Ordinary particle supermultiplets are degenerate at the tree level because of gauge interactions
between observable and messenger fields. The positivity of the messenger squared masses
requires F < λ 〈X〉2 or simply F < 〈X〉2. Assuming F ≪ 〈X〉2 the effective field theory below
the messenger scale 〈X〉 supersymmetry breaking can be treated as small effect. For energies
below the mass 〈X〉, an effective theory can be defined by integrating out the heavy messenger
fields and soft supersymmetry breaking terms arise from
Kgauge = −4g
4Nmess
(4π)4
C2(R)(ln|X|)2Q†Q , fgauge = 1
2
(
1
g2
− 2Nmess
(4π)2
lnX
)
W αWα. (3.51)
where C2(R) is the quadratic Casimir factors for the observable fields Q and Nmess are the
messenger fields. Hence the gaugino masses arise at one-loop and the sfermions at two loops
respectively from the operators∫
d2θ lnXW αWα + h.c. ,
∫
d4θ ln(X†X)Q†eVQ (3.52)
A different way to derive the soft masses is the wave function renormalization procedure
[85]. The renormalizable terms are those not suppressed by powers of 〈X〉. Due to the non-
renormalization of the superpotential, all the relevant 〈X〉 dependence of the low energy effective
theory is contained in the gauge and matter wave-function renormalizations S and ZQ. In the
presence of a single mass scale 〈X〉, this dependence is logarithmic and can be calculated by
solving the renormalization-group (RG) equations in the exact supersymmetric theory. At the
end the mass parameter 〈X〉 can be analytically continued in superspace into a chiral superfield
X . Holomorphy dictates the correct analytic continuation 〈X〉 → X to be performed in S. For
the ZQ the only substitution that is consistent with the chiral reparametrization X → eiϕX
is given by 〈X〉 →
√
XX†. By replacing the X with its background value 〈X〉superfield (3.49)
all the relevant supersymmetry breaking effects can be derived. The supersymmetry breaking
gaugino masses, squark and slepton masses and coefficients of the trilinear A-terms, defined by
L = −1
2
(mλλλ+ h.c)−m2Q˜Q†Q−
(∑
i
AiQi∂QiW (Q) + h.c.
)
(3.53)
2For the sake of economy, we use the same notation for the superfield X and its scalar component.
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have the general expressions [85]
mλ(t) = −1
2
∂S(X, t)
∂ lnX
∣∣∣∣
X=〈X〉
F
〈X〉 (3.54)
m2
Q˜
(t) = −∂
2ZQ(X,X
†, t)
∂ lnX∂ lnX†
∣∣∣∣
X=〈X〉
FF †
〈X〉 〈X〉† (3.55)
Ai(t) =
∂ lnZQi(X,X
†, t)
∂ lnX
∣∣∣∣
X=〈X〉
F
〈X〉 . (3.56)
The t = ln 〈X〉2 /µ2 and µ is the low-energy scale at which the soft masses are defined. The
gauge and chiral wave function renormalizations S and ZQ are obtained by integrating the
Renormalization Group (RG) differential equations in the supersymmetric limit.
3.6.1 Soft Masses in Gauge Mediation
The minimal model can be illustrated by the chiral field that has a vev (3.49) and is coupled
to a vector-like sets of fields, transforming as a single 5 and 5¯ of SU(5) i.e. messengers
W = X
(
λℓℓℓ¯+ λqqq¯
)
. (3.57)
For λq, ℓF < λ
2
q, ℓ 〈X〉2 the ℓ, ℓ¯, q and q¯ are massive with supersymmetry breaking splittings of
order F . The fermion masses are given by
mq = λq 〈X〉 , mℓ = λℓ 〈X〉 (3.58)
while the scalar splittings are
∆m2q = λqF, ∆m
2
ℓ = λℓF (3.59)
In such a model masses for gauginos are generated at one loop and for scalars at two loops.
The result for the gaugino masses is
mλi =
αi
4π
Λ0 (3.60)
while for the squark and slepton masses it is
m˜2 = 2
[
C3
(α3
4π
)2
+ C2
(α2
4π
)2
+
5
3
(
Y
2
)2 (α1
4π
)2]
Λ20 (3.61)
where Λ0 ≡ FX/ 〈X〉. The C3 = 4/3 for color triplets and zero for singlets; C2 = 3/4 for weak
doublets and zero for singlets.
The spectrum has a number of notable features. Firstly, there is only one parameter that
describes the masses of the three gauginos and the squark and the sleptons. Secondly , the
Flavour Changing Neutral Currents are automatically suppressed: each of the matrices m2Q
etc is proportional to the unit matrix; the A-terms are highly suppressed since they receive no
contributions before the three loop order. Thirdly, the CP conservation is automatic. Finally,
this model cannot generate a µ-term that is protected by symmetries and some further structure
is necessary.
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3.6.2 General Gauge Mediation / Departures from MGM
The assumption of a single set of messengers and one singlet responsible for supersymmetry
and R-symmetry breaking is the minimal one. Formulating the problem in a general way leads
to the so called ”General Gauge Mediation” [125]. There, the problem was studied in terms
of correlation functions of gauge supercurrents. Analyzing the restrictions imposed by Lorentz
invariance and supersymmetry on these correlation functions it is was found that the general
gauge mediation spectrum is described by three complex parameters and three real parameters.
It is easy to see how one can obtain a larger set of parameters in simple weakly coupled
models. Taking a model with a set of singlets the supepotential of gauge mediation reads
W = λqiXiqq¯ + λ
l
iXiℓℓ¯. (3.62)
Here, unlike the case of minimal gauge mediation, the ratio of the splittings in the multiplets
to the average (i.e. fermion) masses is not the same for q, q¯ and ℓ, ℓ¯. For the fermion masses
mq =
∑
λqi 〈Xi〉 , mℓ =
∑
λℓi 〈Xi〉 (3.63)
while the scalar splittings are
∆m2q =
∑
λqiFi ∆m
2
ℓ =
∑
λℓiFi (3.64)
In the case of minimal gauge mediation, the one loop contributions for fields carrying color
were proportional to ∆m2q/m
2
q while those contributing to fields carrying weak charge were
proportional to ∆m2q/m
2
q. Generalizing the previous computations the masses for the gauginos
are found to be
mg =
α3
4π
Λq, mw =
α2
4π
Λℓ, mb =
α1
4π
(
2
3
Λq + Λℓ
)
. (3.65)
where
Λq =
λiqFi
λjq 〈Xj〉
, Λℓ =
λiℓFi
λjℓ 〈Xj〉
(3.66)
and summation over the indices i and j is understood. For the mass of squarks and sleptons
one gets
m˜2 = 2
[
C3
(α3
4π
)2
Λ2q + C2
(α2
4π
)2
Λ2ℓ +
(
Y
2
)2 (α1
4π
)2(2
3
Λ2q + Λ
2
ℓ
)]
(3.67)
In the pesent example there are two complex parameters the Λq and Λℓ. But generally, we have
three independent parameters for each Majorana gaugino and for the scalars one can inroduce
a real parameter Λ2c for the contribution from SU(3) gauge fields, Λ
2
w for those from SU(2)
gauge fields and Λ2Y for those from hypercharge gauge fields. Hence, the general sfermion mass
matrix reads
m˜2 = 2
[
C3
(α3
4π
)2
Λ2c + C2
(α2
4π
)2
Λ2w +
5
3
(
Y
2
)2 (α1
4π
)2
Λ2Y
]
. (3.68)
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One can construct models which exhibit the full set of parameters. One feature of minimal gayge
mediation that is not immediatelly inherited by the general gauge mediation is the suppression
of new sources of CP violation. Because the gaugino masses are independent parameters they
introduce additional phases which are CP violating. This fact is one of the challenges (or
obstacles) of general gauge mediation model building [66].
3.6.3 The Decay of the Goldstino Scalar in Gauge Mediation
Contrary to the gravity mediation the scalar component of the Goldstino superfield is not
associated with cosmological problems see e.g. [96]. The spurion field X is coupled directly
to the messenegrs φ, φ¯ and to the MSSM through loop diagrams with the messenger particles.
We list the various coupling below.
• Gauge Bosons
The low energy values of the gauge coupling constants depend on the X through logX because
it changes the scale at which the φ and φ¯ are integrated out. The kinetic term of the gauge
bosons are
L = − 1
8g2(X)
FµνF
µν + h.c. (3.69)
The gauge constant is given by
1
g2(X)
=
1
g20
− 2(bL +N)
(4π2)
ln
λX
Λ˜
− 2bL
(4π)2
ln
µR
λX
(3.70)
where g0 the gauge coupling constant at a scale Λ˜, the bL is the beta function coefficient below
the messenger scale and µR is the renormalization scale. After canonically normalizing the
kinetic terms of gauge bosons the interaction term with the gauge bosons is obtained
L = g
2N
(4π)2
1
〈X〉
1
4
XFµνF
µν + h.c. (3.71)
• Gauginos
Similarly, one obtains the interaction term with the gauginos
Lgaugino = −1
2
mλ(X)λλ+ h.c.. (3.72)
The gaugino mass is given by the formula
mλ(〈X〉) = g
2N
(4π)2
F
〈X〉 (3.73)
Considering excitatins of the X about the vacuum value 〈X〉 then the (〈X〉+X)−1 ≃ 〈X〉−1 (1+
X/ 〈X〉) and the interaction term of the spurion with the gaugino reads
Lλ = 1
2
mλ
〈X〉X λλ+ h.c. (3.74)
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Comparing the interaction of X with the gauginos with the one with the gauge bosons ones
sees that (3.74) gives larger contribution to the decay width of X by one loop factor when
mX ∼ mλ.
• Sfermions
The soft sfermion mass term in the Lagrangian is
Lscalar = −m2f˜ (X)f˜ †f˜ (3.75)
and with a similar reasoning one finds
Lf˜ =
m2
f˜
〈X〉 X f˜
†f˜ + h.c. (3.76)
This interaction yields a decay width that is one-loop order of magnitude larger that the
(3.71). Analogously, the interaction Lagrangian with the Higgs fields can be found. We note
that under certain limits direct couplings of the Higgs superfields with the X are allowed in the
superpotential; also, a general coupling at the Ka¨hler potential often appears in the models.
Hence, for the decay width of the spurion to Higgses may have an another contribution apart
from that through messengers.
• Gravitino
Finally, the scalar Goldstino X can decay to gravitinos. The largest contribution for the X
decay comes from the coupling to the longitudinal mode of the gravitino which is the goldstino
field x˜, i.e. the fermionic component of the X superfield. In the case of a quatric correction to
the Ka¨hler potential of the form |X|4/Λ2 the coupling is
L3/2 = −2F
†
X
Λ2
X† x˜x+ h.c. (3.77)
that can be written in terms of the longitudinal component ψ of gravitino field ψµ
L3/2 = −1
2
m3/2
〈X〉 X
† ψ¯ψ + h.c. (3.78)
The decay width of the gravitino is supressed by O((m3/2/mλ)2) compared to the gaugino
modes. The same also is the suppression compared to the sfermion modes. The decay width
to gravitinos compared to the gauge bosons is larger but still supressed by O((m3/2/mX)).
We note that due to kinimatic reasons the X does not decay to messengers since mX < mφ.
Conclusions
The above interaction terms suggest that the spurion in gauge mediation does not cause Polonyi-
like cosmological problems. The decay ofX takes place before the BBN and reheats the universe
to a temperature Trh = O(1 − 100) MeV. It is also possible that the oscillations of X field in
gauge mediation never dominate the energy density of the universe and its decay does not cause
an extra entropy production. This is, actually, one of the main results presented in this thesis.
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Chapter 4
Metastable Dynamical Supersymmetry
Breaking Models
In this chapter the basic paradigms of F -term supersytmmetry breaking schemes are presented.
The metastability is demonstrated to be a generic feature. A thorough presentation is required
for the study of the thermal behaviour of these models carried out at [37] and [38].
The introduction of soft breaking parameters cannot be satisfactory from many points of views.
First of all, the theory is not complete in the ultraviolet due to the logarithmic divergencies in
the soft breaking parameters. Moreover, all the soft breaking parameters appear to be indepen-
dent parameters. Finally, the scales seem to be arbitrary and an explanation for the hierarchies
is desirable. In this chapter models and that yield
〈X〉 = X + θ2F (4.1)
i.e. supersymmetry breaking will be demonstrated. From the low energy point of view this
might look enough but one should provide an explanation for the values of the parameters F and
X . Weakly coupled models and relations with strong coupling dynamics will be aslo discussed.
A connection of low energy supersymmetry to some underlying structure, in particular string
theory, is an extra motivation for such models and will be further pursued at the chapter 7.
The prototype model is the O’Raifeartaigh paradigm [136]. It can account for the a calcu-
lable low-energy description of possible strong gauge dynamics that have been integrated out.
The Ka¨hler potential is expected to be non-canonical, however complete models with canoni-
cal Ka¨hler have been constructed [98]. The perturbative O’Raifeartaigh model corresponds to
the case of a generic superpoptential with an R-symmetry and with non-compact pseudoflat
direction (pseudomodulus). Pseudoflat means that it is flat only in the classical limit and
perturbative corrections lift the flatness. This is possible because here the supersymmetry is
broken i.e. it is a direction with constant positive energy classically. Everywhere along the
pseudoflat direction away from the origin the R-symmetry is spontaneously broken apart from
the origin where the R symmetry is preserved. The R-symmetry, as will be explained in the
next section, is an essential feature of the dynamical supersymmetry breaking models.
45
4.1 The R-symmetry, SUSY Breaking and Metastability
It was pointed out at the reference [131] that there is a deep connection between R-symmetry
and supersymmetry breaking. For example a Wess-Zumino model the presence of the R-
symmetry is a necessary condition for supersymmetry breaking if the superpotential is a generic
function of the fields i.e. if it contains enough terms. Theories with non-generic superpotentials,
which typically have some interaction or mass terms set to zero or fine tuned, are unstable under
small variations of the couplings.
A Wess-Zumino model and the scales involved can be the low-energy description of some
strong dynamics that have been integrated out. Typically the Ka¨hler potential is non-canonical.
An effective theory described by a Wess-Zumino model with n-chiral superfields ϕi, i = 1, ..., n
preserves supersymmetry when the n complex equations ∂φiW with n complex unknowns have a
solution. For a generic superpotential with no symmetry requirements there is always a solution.
Considering a theory with an R-symmetry which is spontaneously broken say, by the vev of
the field ϕ1. One can parametrize the fields by ϕ1 and by the R-invariants χi = ϕ
1/r1
i /ϕ
1/r1
1 ,
for i = 2, ..., n where ri is the charge of φi. Since the W has charge 2 it will be of the form
W = ϕ
2/r1
1 Ω(χ). By using χ 6= 0 supersymmetric condition is
∂ϕ1W =
2
r1
ϕ−1+2/r1 Ω(χi) = 0 i.e. Ω(χi) = 0 (4.2)
∂χiW = ϕ
2/r1
1 ∂χiΩ(χi) = 0 i.e. ∂χiΩ(χi) = 0 (4.3)
The above system of equations correspond to n equations with n− 1 variables χi which cannot
be solved for generic Ω and hence, supersymmetry is broken. It can be further shown that
the presence of an R-symmetry is a necessary condition for supersymmetry breaking and a
spontaneously broken R symmetry provides a sufficient condition [131]. We note that in case
of singular points in Ka¨hler metric a specific study is needed. Also, it is possible the effec-
tive potential generated by the non-perturbative dynamics can be non-generic and dynamical
supersymmetry breaking without an R-symmetry can occur.
The connection between spontaneously broken R-symmetry and dynamical supersymmetry
breaking may be a phenomenological problem. The gluino mass has R-charge 2 this implies
that the R-Goldstone boson (R-axion) couples to the QCD anomaly and since its scale fa is
typically low O(10− 100) TeV is phenomenologically problematic. However, there are sources
of explicit R-breaking which are small enough not to restore supersymmetry and large enough
to give the axion a mass that renders it phenomenologically harmless. The breaking of the R-
symmetry restores supersymmetry but not in a nearby vacuum. An example is the modification
of the O’Raifeartaigh model with a small parameter ǫ [99]
W = WO′R(X,ϕ1, ϕ2) + δW (ǫ, ϕ1, ϕ2) = FX +
1
2
hXϕ21 +mϕ1ϕ2 + ǫmϕ
2
2 (4.4)
with ǫ≪ 1. There are two supersymmetric vacua at
〈ϕ1〉susy = ±
√
−2F/h , 〈ϕ2〉susy = ∓
1
ǫ
√
−2F/h , 〈X〉susy =
m
hǫ
(4.5)
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For small ǫ, the supersymmetric (4.5) vacua have X far from the origin. As the parameter ǫ→ 0
these supersymmetric vacua are pushed to infinity and the local analysis of the supersymmetry-
breaking vacuum is expected to be unaffected. Moreover, at [131] it was shown that in some
models the 1/MP suppressed dimension-five operators also break R-symmetry explicitly. In
addition, the cancellation of the cosmological constant requires the presence of a constant in
the supepotential that breaks the R-symmetry at the same scale as supersymmetry and this
gives to the R-axion an acceptably large mass [10]. There models, as well, that R is broken at
a higher scale than supersymmetry.
The explicit breaking of the R-symmetry is also welcome and expected from a different
reason. Although a generic dynamical breaking of supersymmetry is closely associated with a
global R-symmetry it is unlikely that any fundamental theory exhibits continuous symmetries.
The rough argument is that one needs to rotate fields all over space-time at once. This is at
odds with the ”spirit” of relativity. There is actually a theorem in string theory that there
are no global symmetries [15]. The R-symmetry of models like the O’Raifeartaigh should be
approximate. TheWO′R of (4.4) has an R-symmetry with R(X) = 2 , R(ϕ2) = 2 and R(ϕ1) = 0
that might be a consequence of a discrete R-symmetry under which
X → e2πi/NX ϕ2 → e2πi/Nϕ2 WO′R → e2πi/NWO′R (4.6)
Along with the ϕ2 → −ϕ2, ϕ1 → ϕ1 symmetry this accounts for the structure of the Lagrangian
at the renormalizable level. Nevertheless, couplings like 1/MN−2∗ X
N+1 are allowed by the
symmetry. As a result the zero enegrgy condition
∂W
∂X
= 0 (4.7)
has a solution with X ∼ (MN−2∗ F )1/N i.e. large enough not to cancel the susy breaking
minimum about the origin.
We can summarize saying that the dynamical supersymmetry breaking of generic models is
realized in metastable vacua; this is the essential lesson of this section.
4.2 Models of Ordinary Gauge Mediation with R-Symmetry
The most general renormalizable, gauge invariant superpotential describing the couplings be-
tween the messengers and any number of singlets Xk is the following
W =
(
λ
(k)
ij Xk +Mij
)
φiφ¯j =
(
λ
(k)
ℓijXk +Mℓij
)
ℓiℓ¯j +
(
λ
(k)
qijXk +Mqij
)
qiq¯j (4.8)
where in the right hand side of the equation we have decomposed the φ, φ¯ into their SU(2)
doublet and SU(3) triplet components, ℓ, ℓ¯ and qi and q¯i respectively. This douplet/triplet
splitting is similar in spirit to the doublet/triplet splitting that already happens in susy GUT
embeddings of the MSSM. This model, can be reduced to a model with only one singlet thanks
to a a unitary transformation that rotates the singlet fields so that only one of them acquires
a susy-breaking F-component vev. Let us call this singlet simply as X . The remaining singlets
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only have scalar components vevs 〈Xk〉 = Xk. Hence, they induce tree level masses for the
messengers and the superpotential reduces to the form
W = (λijX +mij)φiφ¯j = (λℓijX +mℓij) ℓiℓ¯j + (λqijX +Mqij) qiq¯j . (4.9)
The above superpotential means that the simple Ordinary Gauge Mediation model can be
extended with arbitrary supersymmetric mass terms for the messengers. The models (4.9) can
be readily completed into generalized O’Raifeartaigh models simply by adding the δW = FX
term
W = λijXφiφ¯j +mijφφ¯j + FX ≡M(X)ijφiφ¯j (4.10)
that preserves the R-symmetry and M the messenger mass matrix. The superpotential must
always have definite R-charge R(W ) = 2. However, as we will explain below, cases that the
R-symmetry is broken spontaneously or explicitly will be pursued in order the models to be
phenomenologically viable. We note that the models always possess a trivial R-symmetry under
which R(X) = 0.
4.2.1 Coleman-Weinberg Potential
The interaction between the spurion X and the messenger fields φi, φ¯i generate at one-loop
a Coleman-Weinberg potential on the pseudomoduli space. This one-loop correction is rather
important because the X-field value is undetermined i.e. it a pseudo-modulus or pseudo-flat-
direction . We refer that, contrary to the goldstone bosons, the different values for the X are
not physically equivalent: the vev of X controls the mass for the messenger fields. The minima
of the Coleman-Weinberg, if they exist, are susy-breaking vacua of the theory. On the other
hand the one-loop correction to the messenger direction is of a minor importance since the
messengers (4.10) have a tree level mass1.
V
(1)
eff =
1
64π2
STrM˜4 ln M˜
2
M2cutoff
=
1
64π2
STr
(
Tr m4B ln
m2B
M2cutoff
− Tr m4F ln
m2F
M2cutoff
)
, (4.11)
where m2B and m
2
F are the tree-level boson and fermion masses as a function of the expecta-
tion value of the pseudo-modulus X . The STrM˜4 is independent of the pseudo-moduli. The
ultraviolet cut-off M2cutoff can be absorbed into the renormalization of the coupling constants
appearing in the tree level vacuum energy V0. The quantum correction (4.11) generates a non-
hierarchical phase and in the case that the O’Raifeartaigh model is augmented with a gauge
symmetry under which the pseudo-modulus is charged then an ”inverted hierarchy” with 〈X〉
can be generated [149]. In the non-hierarchical case that we are interested here the (4.11)
generates an effective potential around the X = 0 of the form
V
(1)
eff = V0 +m
2
X |X|2 +O
(|X|4) (4.12)
The sign of the m2X determines whether or not the R-symmetry is spontaneously broken. We
note that for the O’Raifeartaigh model (4.4) the potential grows quadratically only near the
origin; for X ≫ m it grows logarithmically.
1The one-loop at the messenger direction would be of a special interest in the hypothetical case that the
coupling between the X and the messengers at the potential could turn negative. However, in the Lagrangian
appears the absolute value: δL = −|λ|2|X |2|φ2|.
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4.2.2 Metastability and Gaugino Masses
Coming back to the case of R-symmetry it was shown at [31] for the models (4.10) that there
is an essential relation between the R-charges, the structure of the messenger mass matrix M
and the gaugino masses. The condition R(W ) = 2 implies that
λij 6= 0 only if R(φ) +R(φ¯) = 2−R(X) (4.13)
mij 6= 0 only if R(φ) +R(φ¯) = 2. (4.14)
The R-symmetry constrains the structure of the superpotential. One sees from (4.13) and
(4.14) that an interaction term λiiXφiφ¯i and a messenger mass miiφiφ¯i cannot both exist. A
direct implication of this fact, i.e. that not all the messengers can have bare mass and be
coupled to the spurion X , is that the messengers either cannot be stable at X = 0 or they are
stable but deficiently coupled to the Goldstino superfield. We analyse this connection between
the R-symmetry, the shape of the potential and the phenomenology in the following.
A formula for the running of gaugino and sfermion soft masses at the messenger scale can be
given by generalizing the wavefunction renormalization technique of [85]. The gaugino masses
are given by
mλi =
αi
4π
ΛG, ΛG = F∂X ln detM = nF
X
(4.15)
and the sfermion masses
m2
f˜
= 2
3∑
i
2Cf˜ ,i
(αr
4π
)2
Λ2S, Λ
2
S =
1
2
|F |2 ∂
2
∂X∂X∗
N∑
j=1
(
ln |Mj|2
)2
(4.16)
The key point here is the determinant of the mass matrixM. It was proven at (4.10) that the
messenger mass matrix is written as product of a power of the field X and a function G(m, λ)
of the couplings:
detM = XnG(m, λ), n = 1
R(X)
N∑
i=1
(
2− R(φi)−R(φ¯i)
)
. (4.17)
This parametrization of the determinant and the relations between the R-charges and the
matrices of couplings λij (4.13) and masses mij (4.14) lead to an important classification of
models. The
• Type I models
which have detm 6= 0. Via a bi-unitary transformation it is convenient to go to a basis where
the mij is diagonal and in this basis the fields come in pairs with R-charges R(φ) +R(φ¯i) = 2.
According to (4.17)
n = 0 and detM = detm (4.18)
which necessary implies that det λ = 0. Since these models have detm 6= 0 and det λ = 0 the
messengers are all stable in the region about X = 0. At large values of X the messenger may
become tachyonic. Thus these models have a stable messenger sector only for
|X| < Xmax (4.19)
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An example of such a type of models with N messenger pairs is the following:
W = FX +miφiφ¯i + λiXφiφ¯i+1 (4.20)
where i runs over the values 1...N . For the minimal case i.e. W = FX +mφ1φ¯1 +mφ2φ¯2 +
λXφ1φ¯2 the Xmin the messengers can be stable for m
2 > λF for all the moduli space X .
The fact that detM = detm means that the gaugino masses all vanish at leading order in
F (4.15) and these models are pathological phenomenologically. This leads to a large hierarchy
between the gaugino and the squark masses which in turn exacerbates the fine-tuning problems
of gauge mediation.
• Type II models
which have det λ 6= 0. Correspondingly, a bi-unitary transformation can diagonalize the λij
and then the fields come in pairs with R(φ) +R(φ¯i) = 0. According to (4.17)
n = N and detM = XN det λ . (4.21)
The type II models have a stable messenger spectrum for
|X| > Xmin (4.22)
for some Xmin. A minimal example of type II models that we will invoke later has superpotential
W = FX + λ1Xφ1φ¯1 + λ2Xφ2φ¯2 +mφ1φ¯2 (4.23)
and a simple choice is the λ1 = λ2 ≡ λ. We see that the messengers are not protected by a bare
mass term. Let us exhibit the tachyonic behaviour of the scalar messenger masses explicitly by
considering the masses of the scalar messengers φ1 and φ¯1 about the origin. The scalar matrix
is given by the derivatives of the superpotential
(
m20
)
ab
=
(
W †acWcb W †abcWc
WabcW
†c WacW †cb
)
. (4.24)
This is a 10 by 10 matrix for the five fields of (4.23). Focusing e.g. on the derivatives with
respect to the fields φ1 and φ¯1 we find a four by four submatrix that in the vicinity of the origin
φi, φ¯ ≃ 0 and in terms of the singlet X reads
(
m20
)
φ1 φ¯1
=


|λ|2|X|2 +m2 0 0 λ†F
0 |λ|2|X|2 +m2 λF † 0
0 λ†F |λ|2|X|2 0
λF † 0 0 |λ|2|X|2

 . (4.25)
Taking real values for the F , λ then the four eigenvalues are by two degenerated and read
m2± = λ
2|X|2 + m
2
2
± 1
2
√
m4 + 4λ2F 2 (4.26)
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For X = 0 the m2− eigenvalues of (4.26) are negative and thus tachyonic around the origin.
They become positive only for a non-zero value Xmin for the spurion. For vanishing mass m the
tachyonic region is |X| <√F/λ. Obviously, if there was a mass term miiφiφ¯i it could prevent
m2− from becoming tachyonic at X ∼ 0; this is what happens at type-I models.
These models do not suffer from the vanishing gaugino masses problem. Indeed, since
n 6= 0 and the detM depends on the X field the gaugino masses are nonzero at leading order
in F/M2mess. They are phenomenologically rather attractive generating gaugino and sfermion
masses at the same scale parametrically. This is the main reason that a further study of these
kind of models is well motivated. In particular, it is challenging to examine whether such
phenomenologically metastable vacua can be also ”cosmologically viable”. This is, partly, a
direction of this dissertation.
• Type III models
these models correspond to det λ = detm = 0 that combine features of the type I and type
II. The n 6= 0 and the gaugino masses are non-vanishing at leading order as in type II models.
These models have a stable messenger sector only for
Xmin < |X| < Xmax (4.27)
4.3 Non-Vanishing Gaugino Masses and the Vacuum Struc-
ture
The features of the vacuum metastability are related with the all-important mass scale of the
gauginos via the relation
mλ ∼ F † ∂
∂X
log det(λX +m) (4.28)
where (λX+m) ≡M(X). This can be demonstarted by looking into the zero energy conditions
for the superpotential W = FX + 1
2
Mij(X)φiφj :
FX = F +
1
2
M′(X)ijφiφj Fφi =M(X)ijφj. (4.29)
If the detM(X) depends on X , then there will necessarily be values X = X0 where it vanishes
and then the Fφi = 0 has a solution for non-vanishing φi,0. The X0, φi,0 are supersymmetric
vacua because there exists a φi that satisfies the FX = 0 condition since the solutions of the
Fφi = 0 are infinite at X = X0. Let us consider the case where det(λX +m) = det(λX). The
determinant vanishes for X = 0. There, according to the previous line, there are supersym-
metric solutions for non zero φi. Hence, the origin X = 0 has non-zero energy F
2 but it is
tachyonic towards the supersymmetric vacua X0 = 0, φi,0 6= 0. The origin is unstable and a
supersymmetry breaking vacuum can exist only at larger vevs for the X field.
On the other hand if detM is a non-zero, X-independent constant (n=0 of (4.17)) then
the unique solution of Fφi = 0 is the φi = 0. For X = 0 this is a locally stable supersymmetry
breaking vacuum. However, the (4.28) says that the gaugino masses vanish at these models.
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Since there is no such cancellation for the sfermion masses, this generally implies that the
gauginos are much lighter than the sfermions in such models. This happens even if the R-
symmetry is spontaneously broken at the vacuum. Hence, R-symmetry breaking is a necessary
but not sufficient condition for non-zero gaugino masses. This simple result suggests that this
general class of models characterized by a susy-breaking vacuum which is the ground state in
the low energy renormalizable approximation i.e. O’Raifeartaigh-like models with no tachyonic
messenger masses at the origin, cannot be phenomenologically viable, unless one is prepared to
accept an exacerbated little hierarchy problem and the attendant fine tuning coming from very
heavy sfermions. A remark on these models is that the field responible for the susy breakdown
(Goldstino superfield) does not couple with all the messengers in the superpotential. This
feature is characteristic of the direct mediation models. There, a subgroup of the flavour group
is gauged and identified with the Standard Model a fact that enables some messengers to
participate at the supersymmetry breaking.
In the case that det(λX + m) = det λX the gaugino masses do not vanish. These phe-
nomenologically attractive models have a superpotential where the the Goldstino superfield
couples with all the messengers via δW = λXφφ¯ so they always become tachyonic around
X = 0 except if a bare R-violating ”bare” mass term Mφφ¯ also exists (then, the tachyonic
directions are simply shifted from the origin). The conclusion is that the gauginos are non
zero at leading order because the pseudomoduli space is not locally stable everywhere [116, 4].
This class of models with explicit messengers are collectively called ordinary gauge mediation
models and predict a universal form for the gaugino and sfermion masses such that they are of
the same order.
4.4 Minimal Models with Non-Vanishing GauginoMasses
4.4.1 Canonical Ka¨hler and Spontaneous R-Symmetry Breaking
The above suggest that we should build models with det(λX + m) = XnG(m, λ) with n 6=
0. The obvious question is the mechanism that stabilizes the spurion at X 6= 0 outside the
tachyonic region. One strategy is to keep the R-symmetry at the low energy effective theories.
One interesting model that exhibits supersymmetry breaking and breaks spontaneously the
R-symmetry was constructed by Shih [144] and is the (4.23):
W = FX + λ1Xφ1φ¯1 + λ2Xφ2φ¯2 +mφ1φ¯2 . (4.30)
The particular feature of this model is that for R-charge assignments R(φ1) = −2, R(φ¯1) = 2,
R(φ2) = −4 and R(φ¯2) = 4 the Coleman-Weinberg (CW) potential has a susy and R-symmetry
breaking minimum at X 6= 0 in some regime of parameters. The CW potential to leading order
in F 2 is given by [31]
VCW =
5λ2F 2
32π2
V (x) (4.31)
where V (x) an non-polynomial function of x = λX/m. The minimum lies at vevs of the order of
x = O(1). In this example, the messengers participate directly in the susy breaking dynamics,
in that their radiative effects generate the Coleman-Weinberg potential. Hence, this constitutes
a model of ordinary direct mediation.
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4.4.2 Ka¨hler Stabilization Models with explicit R-symmetry Break-
ing
Non-Minimal Ka¨hler from Integrating Out Heavy Fields
The low energy effective theory (3.51) is valid up to the messenger scale λ 〈X〉. This theory
is UV completed once the messenger particles are introduced via the interaction δW = λXφφ¯
and e.g. a canonical Ka¨hler. This represent the full model instead of terms involving logX .
Nevertheless, above a mass scale Λ we may need a further UV completion. The simplest model
is the O’Raifeartaigh
K = X†X + A†A+B†B (4.32)
and
WX = m
2X +
k
2
XA2 +MABAB (4.33)
where k and MAB are a coupling constant and a mass for A and B respectively. There is an
approximate Peccei-Quinn (PQ) symmetry with charges PQ(A) = 1 and PQ(B) = 1. By
integrating out the massive fields A and B we obtain the Ka¨hler term
δK = −(X
†X)2
Λ2
(4.34)
with
1
Λ2
=
|k|4
12(4π)2
1
M2AB
(4.35)
at one loop level. The O’Raifeartaigh model itself may be an effective theory of some dynamical
breaking models (e.g. this is the case when the fields A, B generically can have couplings to
other fields as well, that are not small.)
Explicit R-Symmetry Breaking Mass for the Messenger Fields
At low energies U(1)R violating effects in the supersymmetry breaking sector arise from higher
dimension operators and are suppressed by powers of the cut-off scale. According to Nelson-
Seiberg argument such a theory would not break supersymmetry. Yet, it may have a local
supersymmetry breaking minimum. The [128] introduced a ”bare” for messengers (contrary to
the (4.9)) that violate the R-symmetry. Integrating out the messengers about the supersym-
metry breaking vacuum the R-symmetry is restored and appears as an accidental symmetry.
Their proposal was to supplement the ISS model (see section 3.7) i.e. an SU(N) QCD with
massive vector-like quarks Qi and Q¯i (i = 1, ..., Nf) with massive messengers φ and φ¯:
Wtree = mijQ¯
iQj +
λij
MP
Q¯iQjφφ¯+Mφφ¯. (4.36)
According to ISS [98] the SU(N) SQCD theory in the free magnetic phase, N + 1 ≤ Nf ≤ 32N
breaks supersymmetry on a metastable minimum if the quark massesmij are much smaller than
the dynamical scale Λ. In particular, the ISS model discovered the supersymmetry breaking
vacua in the non-calculable regime of the electric SU(N) SQCD theory that generally possesses
N supersymmetric vacua. The ISS model has U(1)R symmetry that is broken down to Z2N
which prevents the gaugino masses. Indeed, once we gauge a subgroup of the flavour group and
identify it as the Standard Model gauge group (or a GUT one like the SU(5)) the corresponding
messengers are not all coupled with the meson field, which is the Goldstino superfield. Hence,
the direct gauge mediation ISS model belongs to the type-I models of section 4.2. In the model
of Murayama and Nomura [128] the coupling to messengers breaks it down to Z2, so that the
model does not have any R-symmetry beyond R-parity. Note that the model (4.36) does not
respect the R-symmetry and cannot classified according to the section 4.2. Nonetheless, it can
be said that it is a type-II model supplemented with messengers mass and in the [129] version
of the model, stabilized due to Ka¨hler corrections.
The magnetic theory has a local mimimum at M ij = 0 and q = q¯ = (µ, 0, ..., 0)T where
µ2 ∼ mΛ where a m a stands for, collectively, the mass of the electric quarks and Λ the
dynamical scale2. The resulting low energy superpotential for the messengers takes the form
Wmag = −mΛM ij + λijΛ
MP
M ijφφ¯+Mφφ¯ ≡ FX + λXφφ¯+Mφφ¯ (4.37)
The meson M ij ≡ X field is not stabilized at the origin due to the R-violating messenger mass.
The shift should be smaller than specific values for the ISS analysis to be valid and to avoid
tachyonic messengers. Introducing a non minimal Ka¨hler of the form (4.34) the meson field can
be stabilized at the origin, dominating over R-violating one-loop correction from the interaction
with the messengers.
A constant at the Superpotential
Until now, we study the supersymmetry breaking in the global limit neglecting the gravity
corrections. This approximation is good as long as the effects that stabilize the fields of the
theory dominate over MP suppressed operators. However, firstly, in the global supersymmetry
the supersymmetry breaking vacua have a positive cosmological constant with value F 2 which
is huge compared to the tiny (or zero, if the dark energy has a dynamical origin) observed value.
A constant term has to be added at the superpotential in order to tune the potential to zero.
Secondly, once a constant is included the R-symmetry is explicitly broken and this breaking is
visible to gravity. Hence, gravity effects will shift the minimum at the X-direction to MP vevs
and with F 2/M2P curvature. This is in contrast with the Coleman-Weinberg corrections due to
messengers that tend to stabilize the X at (or close to) the origin. One-loop corrections from
the integrated out heavy fields, i.e. non-canonical Ka¨hler, contribute further to the stabilization
of the spurion about the origin. It is generally possible that the total effect of gravity and one-
loop contributions is the stabilization of the X at an ”intermediate” value. Hence, once the
minimal superpotential (4.39) is supplemented with a constant c
W = FX + λXφφ¯+ c (4.38)
the Ka¨hler generated X-mnimum can be shifted outside the tachyonic region |X| < √F/λ.
Generally, in the gauge mediation schemes the gravity can be neglected. Here this is not the
2The dynamical scale Λ appearing in the superpotential of these SQCD theories should not be confused with
the cut-off scale Λ in the Ka¨hler potential.
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case: gravity is responsible for the stabilization of the spurion and we will refer to this model
as ”Gravitational Gauge Mediation” [109].
The origin of the constant c is of particular importance. At the chapter 7 it will be in-
terpreted as the superpotential of the string moduli field that are stabilized at a vacuum of
negative energy. A different interpretation related to dynamically generated scales (connected
to the supersymmetry breaking) is also possible; we will comment on it at the 8th chapter.
4.4.3 A Sixth Order Correction at the Ka¨hler
It is possible to have the ”very minimal” superpotential
W = FX + λXφφ¯. (4.39)
In the case of canonical Ka¨hler there are only supersymmetric vacua. However, this ”minimal-
ism” may indicate a further structure at higher energies that generate the scales, as we already
discussed above and in the following sections. Hence, corrections at the Ka¨hler are expected.
The Coleman-Weinberg potential usually results in minimum at the origin that is not stable
at the messenger direction. However, in the case that the (4.34) has an opposite sign (plus
instead of minus) then the sixth order correction δK = |X|6/Λ4 should be taken into account.
Then a balance between the 4th and 6th order correction can result in a supersymmetry and
R-symmetry breaking metastable vacuum [118, 37]. The Ka¨hler reads
K = |X|2 + ǫ4 |X|
4
Λ2
+ ǫ6
|X|6
Λ4
(4.40)
with ǫ4 < 0 and ǫ6 > 0. The X-direction minimum is found to be at
|X|2 ∼ |ǫ4|
ǫ6
Λ2 (4.41)
and breaks the U(1)R symmetry spontaneously. The reason of a Ka¨hler of this form (4.40) can
be a massive integrated out sector that breaks the R-symmtery spontaneously. An example is
the O’Raifeartaigh-type model proposed recently by Shih with superpotential
W = FX + kXϕ1ϕ2 +m1ϕ1ϕ3 +
1
2
m2ϕ
2
2. (4.42)
The particular feature of (4.42) is that it is the simplest O’Raifeartaigh-type model containing
a field with R 6= 0, 2 and as shown at [144] the mass squared of the spurion can be negative at
the origin and stabilized at X 6= 0. The extrema of the potential consists of a pseudo-moduli
space
ϕ1,2,3 = 0, X arbitrary (4.43)
There is a runaway behaviour as ϕ3 →∞
X =
(
m21m2ϕ
2
3
k2F
)1/3
, ϕ1 =
(
F 2m2
k2m1ϕ3
)1/3
, ϕ2 =
(
Fm1ϕ3
km2
)1/3
, ϕ3 →∞ (4.44)
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The runaway behaviour at large fields implies that the pseudo-moduli space is not an absolute
minimum of the potential. It is a local minimum as long as
|X| < m1
k
1− y2
2y
(4.45)
where
y =
kF
m1m2
. (4.46)
We consider the theory (4.42) as the UV completion of (4.39) thus the masses m1 m2 are
relatively heavy and integrated-out from the low energy theory. For example, ifm1 ∼ m2 ∼ 1015
GeV, i.e. the GUT scale, k = O(1) and F = O(1018) GeV2 then
y ≪ 1 and m1
k
1− y2
2y
≫ O(1015)GeV (4.47)
and the |X| is safely below the bound (4.45). If not, then a linear combination of the ϕ1,2,3
fields becomes tachyonic and the system can roll down classically into a runaway direction.
At the (4.42) we add the ordinary messengers λXφφ¯ and integrating out the ϕ1, ϕ2 and ϕ3
introduce a correction to the Ka¨hler that can be expanded in powers of X as [118]:
δK = − nϕm¯
(4π)2
∞∑
l=0
f2l
(
k|X|
m¯
)2l
(4.48)
where m¯ a representative mass of m1, m2, nϕ the dimensional conjugate representation of the
gauge group the ϕi belong and f2l dimensionless coefficients. When
r ≡ m2
m1
> 2.11 (4.49)
then X is stabilized at |X| 6= 0 breaking the U(1)R symmetry spontaneously. We can then
write the (4.40) as
K = |X|2 − |X|
4
Λ21
+
|X|4
Λ42
(4.50)
where
Λ21 =
(4π)2m¯2
|f4|k4nϕ , Λ
4
2 =
(4π)2m¯4
f6 k6nϕ
. (4.51)
The parameters f4 and f6 read [144], [118]
f4 = −1 + 2r
2 − 3r4 + r2(r2 + 3) ln r2
(r2 − 1)3 (4.52)
f6 =
1 + 27r2 − 9r4 − 19r66r2(r4 + 5r2 + 2) ln r2
3(r2 − 1)5 (4.53)
and f4 is negative for r > 2.11 and the f6 positive for r > 0.5. The minimum for the spurion
is then found to be at
|X|2 = 8|f4|m¯
2
36f6k2
=
2
9
Λ42
Λ21
. (4.54)
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In the limit that the 4th order Ka¨hler correction becomes negligible then the X-direction
minimum is at the origin which, however, is unstable due to the messengers.
This interesting behaviour, attributed to generalized Ka¨hler potentials of polynomial type,
will be examined in detail at the section 4.9 including also the always present gravity effects.
4.5 Dynamical Generation of Scales
Following a top-bottom approach, as Witten states at [149], if supersymmetry is broken at
tree level, the breaking will have a strength of the same order as the natural mass scale of
the theory. For supersymmetry to be broken only at, say 103 GeV which is 10−16 times the
MP we require a theory where supersymmetry is unbroken at the tree level and is broken only
by extremely small corrrections. The quantum corrections are presumably non-perturbative
since perturbative corrections cannot break supersymmetry. In this way a hierarchy can be
generated.
If supersymmety is unbroken at tree level, it is typically unbroken to all orders of perturba-
tion theory. This follows from a set of non-renormalization theorems. As it was demonstrated
at [7] via instanton effects these theorems do not extend beyond the perturbation theory, open-
ing the possibility of generating a large hierarchy, of order e−c/g
2
.
Non-Renormalization Theorems
A way to understand the non-renormalization theorems was suggested by Seiberg [142]. The
couplings in the superpotential and the gauge couplings can be considered as expectation val-
ues of chiral fields. These fields must appear holomorphically in the superpotential and gauge
couplings functions and this greatly restricts the coupling dependence of these quantities. For
example in the simple Wess-Zumino model
W =
1
2
mφ2 +
1
3
λφ3. (4.55)
For λ = 0 this model possesses an R-symmetry, under which φ has charge 1. Thus, we can
think the coupling λ as chiral field with R = −1. Since the potential is holomorphic the only
allowed terms, polynomial in the φ’s have the form
∆W =
∑
n
λnφn+3. (4.56)
The tree level diagrams with n+ 3 external legs have precisely this dependence on the λ. This
heuristic arguments shows that there are no loop corrections to the superpotential. There is
no corresponding argument for the Ka¨hler potential which is already renormalized at one loop.
Therefore, the physical masses and couplings are corrected in this model.
Turning to the gauge theories the coupling can again be represented as a complex field
L = −1
4
∫
d2θτW 2α (4.57)
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where τ = g−2 + iθ/(8π2) and θ is the usual CP-violating parameter of the gauge theory.
Perturbation theory is insensitive to θ and there is the shift symmetry
τ → τ + iǫ . (4.58)
The only combination of τ and W 2α which is invariant under the shift symmetry, apart from the
Lagrangian, is the
∫
d2θW 2α which is the structure of the one loop corrections. These arguments
lead to the claim that the there is at most a one-loop correction to other gauge coupling and
there are no loop corrections to the superpotential3.
Non-Perturbative Effects - Generation of Scales
However, the shift symmetry of perturbation theory is anomalous and is broken beyond the per-
turbation theory. For example, in an SU(N) gauge theory instantons generate an expectation
value for 〈
(λλ)N
〉 ∝ e 8pi2g2 +iθ = e8π2τ . (4.59)
A discrete ZN symmetry is left by the expectation value of the instantons. Moreover, in this
theory gluinos are expected to condense〈
W 2α
〉
= 〈λλ〉 = Λ3ceiθ/N ∝ e−3τ/b0 . (4.60)
One can think of this as a constant superpotential, so it represents a breakdown of the non-
renormalization theorems. However, in global supersymmetry physics is not sensitive to a
constant W0 and it is of interest only in the local case. But, an important result is obtained
when we couple the gauge theory to a singlet, X , with no other couplings:
L =
(
τ +
X
M∗
)
W 2α. (4.61)
Then an effective superpotential is generated
Weff(X) ∝ e−
1
3b0
(τ+ XM∗ ) (4.62)
and a classical moduli space of X has been lifted. This corresponds to a breakdown of the non-
renormalization theorems and dynamical supersymmetry breaking through non-perturbative
effects. The potential for X falls to zero at large vaules without a stationary point at the
calculable region. A minimum found in the region where the effective coupling is large cannot
be reliable since one cannot calculate. However, it is possible to have a perturbative theory
that results in a minimum at X = 0. Introducing singlet fields A, B the superpotential and
gauge couplings
L = X
M∗
W 2α +XA
2 +MABAB. (4.63)
3The fact that there is a two loop correction to the beta-function in supersymmetric gauge theories can be
understood by realizing that the cut-off of the theory is not, in general, a holomorphic function of the coupling.
The resolution of this issue can be found at [143].
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At energies below the scale of the strong gauge group, Λc, the gauge interaction can be inegrated
out leaving the effective superpotential
W = Λ3ce
− 1
N
X
M∗ +XA2 +MABAB. (4.64)
Near X = 0 this is like the O’Raifeartaigh models and one loop correction can generate a local
minimum of the potential. At large X the potential falls away to zero.
One important aspect of this paradigm is that the F scale, µ2, is generated dyanamically.
Expanding the potential in powers of X the linear term reproduces the orginal O’Raifeartaigh
model with µ2
− µ2 = Λ
3
c
NM∗
. (4.65)
The M∗ is a high scale corresponding to new physics such as grand unified or Kaluza-Klein
scales. The constant term of the expansion , Λ¯3, can be of particular importance once gravity
is taken into account. We will return to this model later in supergravity theories and in the
chapters 7 and 8.
4.6 SQCD Theories of Dynamical Supersymmetry Break-
ing
Let us consider a supersymmetric QCD (SQCD) with Nf flavours and gauge group SU(N). The
Nf quarks Qf are in the N representation and Nf Q¯f¯ in the N¯ representation. A theory with
massless quarks has a global symmetry, free from anomalies, SU(Nf )×SU(Nf )×U(1)B×U(1)R.
The Q and Q¯ transform as
Q :
(
Nf , 1,
1
N
,
Nf −N
Nf
)
(4.66)
Q :
(
Nf , 1,− 1
N
,
Nf −N
Nf
)
(4.67)
It can be shown that in this theory the anomalies cancel. The characteristic structure of the
massles theory is the large moduli space of susy vacua. A potential can arise from the D2
terms of the gauge fields. These vanish up to gauge and flavour transformations for Nf < N
and Q = Q¯, where Q are Nf × N matrices. In these directions the gauge symmetry is broken
to SU(N − Nf ). There are N2 − (N − Nf )2 = 2NNf − N2f broken generators. Each broken
generator ”eats” one chiral field. There are also a set of broken flavour symmetries. In the
simple example that the non-zero Nf vevs are all equal the unbroken flavour symmetry is
U(1) × SU(Nf) so there are N2f − 1 + 1 Goldstone fields that also arise from the chiral fields.
One can construct N2f gauge invariant meson fields:
Mf,f¯ = Q¯f¯Qf . (4.68)
Perturbatively these directions remain flat. Non-perturbatively there is a unique superpotential
consistent with the symmetries
Weff =
Λc
− 3N−Nf
N−Nf
detMf,f¯
. (4.69)
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In the case Nf = N − 1 the superpotential can be computed in a straightforward semiclassical
analysis.
Modifying the SQCD theories supersymmetry breaking can be realized. It can be either
stable, in the sense that at the renormalizable level there are only supersymmetry-breaking
ground states, or metastable, where there are additional supersymmetric states seperated by a
large barrier or sizable distance in the field space.
Supersymmetry Breaking at the Ground State
Models with stable supersymmetry breaking are rare. They are generally characterized by two
features: First, their potential have no flat directions classicaly i.e. there is no a moduli space of
vacua. If this is not the case there are typically regions in the moduli space where the potential
tends to zero corresponding to asymptotic restoration of supersymmetry. Second, they exhibit
global symmetries which are spontaneously broken in the ground state. These two features
constitute a sufficient condition for supersymmetry breaking: A spontaneously broken global
symmetry implies the existence of a Goldstone boson and unbroken supersymmetry leads to an
additional massless scalar (non-compact flat direction) to complete the supermultiplet. This
extra massless mode corresponds to a non-compact flat direction, in contradiction with the first
feature. Whence, superesymmetry is broken. Even though this argument applies to any global
symmetry, in all known models satisfying these criteria, the spontaneously broken symmetry is
actually an R-symmetry.
The simplest example of such a theory in which it is possible to do systematic calculations
is known as the 3− 2 model because the gauge group is SU(3)× SU(2). Its particle content is
like that of a single generation of the Standard Model minus the singlet:
Q : (3, 2) U¯ : (3¯, 1) D¯ : (3¯, 1) L : (1, 2) (4.70)
There is a unique superpotential allowed by the symmetries, up to field redefinitions
W = λQLU¯ . (4.71)
Let us consider the first case where the SU(2) coupling is assumed to be much smaller than
the SU(3) coupling. Without the superpotential this is supersymmetric QCD with N = 3,
Nf = 2. The theory possesses a non-anomalous R-symmetry. Without the continuous R-
symmetry, e.g. by adding higher dimension opperators like (QLU¯)2 suppressed by a large mass
scale, there will be supersymmetric minima. The theory has a set of flat directions and generates
a non perturbative superpotential. However, the classical superpotential (4.71) already lifts all
of the flat directions.
For small coupling λ the effective potential is
Weff =
Λ6c
QQU¯D¯
+ λQLU¯ (4.72)
and the resulting potential exhibits a supersymmetry-breaking minimum.
The second case is the limit where the SU(2) coupling is much greater than the SU(3)
coupling so that the SU(2) becomes first strong. The theory looks now like a QCD with
60
N = 2, Nf = 2. In this theory there is no non-perturbative superpotential: there exists an
exact moduli space that only is modified by quantum corrections.
We note that in the case of a model with a large flavour group that can include e.g. the
SU(5) then an interesting scenario is possible: a subgroup of the flavour group can be gauged
and identified with the Standard Model. However, in that case there is the difficulty that the
SM QCD and other gauge couplings are violently non-asymptotically free. Unification is lost
and typically the models constructed to avoid the problems are rather complicated.
4.6.1 The ISS Model
In the case thatNf < N there is a potential generated non perturbatively on the classical moduli
space. On the other hand for Nf ≥ N there is always an exact moduli space. The dyanmics on
this moduli space and in particular in the region of the strong coupling is rather complicated
and have a strong dependence on the values of N and Nf . The range N + 1 < Nf < 3/2N is
especially interesting [98]. Here the theory is dual to a theory with gauge group SU(Nf −N)
with Nf flavours of quarks, qf and q¯f and a set of mesons, Mf,f¯ . The effective superpotential
of this theory is W ∼ qMq¯. The duality is not meant as an exact equivalence, but rather as a
statement about the infrared behaviours of the two theories.
A massive QCD has N -supersymmetric vacua as Witten has proven [148] a fact that made
these theories not attractive for supersymmetry breaking model bulding. Intriligator, Seiberg
and Shih (ISS) made the remarkable observation about these theories in this range of Nf . They
considered adding a small mass term for the quarks mQQ¯ in the ultraviolet theory. Then in the
infrared, ”magnetic” theory the superpotential is Wmag = qMq¯+TrmΛM . This superpotential
does not have supersymmetric minima i.e. the supersymmetry is broken contrary, at first sight,
with the Witten’s argument. At the classical level the magnetic Lagrangian gives rise to moduli
space and one of these is the meson direction Mf,f¯ which is not fixed. Another remarkable fact
is that potential for the meson M and the quarks q, q¯ can be computed although the theory
there is not weakly coupled. The outcome is that the minimum of the potential is at the origin
for the M field and does not break the R-symmetry.
However, since the original electic-theory is massive with mQQ¯ there should be N super-
symmetric vacua in the dual magnetic description as well. At large values of the messon M the
dual quarks are massive and the theory is asymptotically free. There, a gaugino condensation
leads to an additional term for the M in the superpotential which yield N -supersymmetric
vacua.
Let us be more precise and present the ISS model in some detail. The paradigm is a
supersymmetric SU(N) QCD with Nf flavours. If one lies in the free magnetic range, N <
Nf <
3
2
N , then the low energy theory is strongly coupled, but admits a dual interpretation in
terms of IR-free, magnetic variables. The tree-level superpotential in the magnetic theory is
given by:
Wtree = hTr
(
qMq¯
)− hµ2Tr(M) (4.73)
where µ2 = Λm. The M transforms as Nf ×Nf , q: (Nf , N), q¯: (Nf , N), Nm = Nf −N is the
number of squark colours in the magnetic theory and we denote the parts of M that obtain
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expectation values as follows: M =
(
M1 0
0 M0
)
. The Ka¨hler potential is canonical.
Considering the tree-level superpotential in isolation one finds that the lowest energy state
is a moduli space parameterized by
M =
(
0 0
0 M0
)
, q =
(
q0
0
)
, q¯T =
(
q¯0
0
)
, q0q¯0 = µ
2
INc×Nc . (4.74)
Supersymmetry is broken by the rank condition since N < Nf . When the one-loop effects are
included the moduli space is lifted and, aside from flat directions identified with Goldstone
bosons, a unique minimum is found at:
M = 0, q0 = q¯0 = µ IN×N . (4.75)
In addition one must include the non-perturbative, R-symmetry violating contribution:
W = NhNf /N
(
Λ
−(Nf−3N)
m det(M)
)1/N
. (4.76)
Notice that the exponent of Λm, − (Nf − 3Nm) = −(3N − 2Nf), is always negative in the free
magnetic range. Hence the coefficient of the determinant grows as the cut-off shrinks. Since
the non-perturbative piece is R-symmetry violating a susy preserving minimum does exist. The
Λm is the dynamically generated scale of the infrared theory, i.e. the scale of the Landau pole.
The supersymmetric vacuum lies at
M0 =
µ/h
ǫ(Nf−3N)/(Nf−N)
(4.77)
with ǫ ≡ µ/Λm.
4.7 Gravitationally Stabilized Metastable SUSY break-
ing
A simple model proposed by Kitano [109] achieves metastable susy breaking due to gravitational
effects. The Ka¨hler potential and the superpotential are
K = X†X − (X
†X)2
Λ2
+ φ†φ+ φ¯†φ¯ (4.78)
W = FX − λXφφ¯+ c. (4.79)
The chiral superfield X is a gauge singlet, while φ and φ¯ are the messenger fields which carry
standard model quantum numbers and λ is a coupling constant. The constant term c does not
have any effect if we neglect gravity interactions, but it is important for the cancellation of the
cosmological constant. If we neglect the constant c, the Lagrangian has an R-symmetry with
charge assignments R(X)=2, R(φ)=R(φ¯)=0.
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It is also necessary to estimate the perturbative quantum corrections to the Ka¨hler potential
coming from the interaction term λXφφ¯ which may be more important than the gravity effect.
At one loop level the correction is [109, 98]
K1-loop = −λ
2Nφ
(4π)2
X†X log
X†X
Q2
(4.80)
where Nφ the number of components in φ and φ¯ and Q is the UV cut off scale. For example,
Nφ = 5 if φ and φ¯ transform as 5 and 5¯ under SU(5)GUT . At low energies messengeres are
integrated out and their effects are incorporated at (4.80). The cut off scale Λ also originates
from microscopic scale physics. For example, it may account for massive fields of the UV
completion of the susy breaking sector which have been integrated out at the energy scales
E < Λ that we are considering here.
The scalar potential of the supergravity Lagrangian is given by
V = eG
(
GXGX†G
XX† +GφGφ†G
φφ† +Gφ¯Gφ¯†G
φ¯φ¯† − 3
)
+
1
2
D2, (4.81)
where G = K + log(|W |2/M6P ) and D2/2 represents the D-term term contributions that we
neglect. The supersymmetric minimum is 4
φ = φ¯ =
√
F
λ
−O
(
c
λM2P
)
, X = O
(
c
λM2P
)
(4.82)
Along the X direction the potential simplifies to
V (X) ≃ F 2 − 3 c
2
M2P
− 2 c
M2P
F (X +X†) + 4F 2
|X|2
Λ2
+
λ2Nφ
(4π)2
F 2 log
X†X
Q2
, (4.83)
which for λ2Nq/(4π)
2 < (Λ/MP )
2 gives the non-supersymmetric minimum
〈X〉 = cΛ
2
2FM2P
. (4.84)
The parameters c and F are connected via the cancellation of the cosmological constant F 2 ≃
3c2/M2P . With the help of this condition the minimum can be written as
〈X〉 ≃
√
3Λ2
6MP
. (4.85)
Supersymmetry is broken with FX = F . One can see that in the global susy limit MP → ∞
the minimum moves to X → 0 and the metastable vacuum disappears. It is the presence of
gravity that reveals the non-supersymmetric vacuum. The dominant terms in the potential,
the tree level plus the one loop correction (4.80), up to 4th order in fields reads:
V ≃ F 2 − 3 c2
M2P
− 2 c
M2P
F (X +X†) + 4F 2 |X|
2
Λ2
− λF (φφ¯+ φ†φ¯†) + 2 c
M2P
F |X|
2
Λ2
(X +X†)
+λ2|X|2(|φ|2 + |φ¯|2) + λ2|φ|2|φ¯|2 + λ2Nφ
(4π)2
F 2 log X
†X
Q2
4We note that in the global susy limit we have the susy preserving flat direction : φφ¯ = F/λ, X = 0.
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where F 2 ≈ 3c2/M2P .
The mass matrices for X and φ are:
m2X ≃
(
4F
2
Λ2
−λ2Nφ
(4π)2
F 2
X† 2
−λ2Nφ
(4π)2
F 2
X2
4F
2
Λ2
)
, m2φ ≃
(
λ2|X|2 −λF
−λF λ2|X|2
)
(4.86)
and should be evaluated at the susy braking vacuum: 〈X〉 ∼ Λ2/MP and φ = φ¯ = 0. The
susy breaking minimum is stable in the φ, φ¯ directions when the determinant of the φ-φ¯ mass
matrix is positive which yields
λ2 〈X〉2 > λFX i.e. Λ4/M2P > F/λ. (4.87)
Thus, the susy breaking metastable minimum is further away from the origin than the susy
preserving one. It is stable in the X-direction when λ2Nφ/(4π)
2 < Λ2/M2P or roughly
λ < Λ/MP . (4.88)
This condition renders the perturbative quantum corrections harmless for the vacuum meta-
stability. It says that the closer to the origin is the metastable vacuum, the smaller has to be
(the square of) the coupling λ.
Moreover, there is a phenomenological requirement that the gaugino masses should be of
the order of mgaugino = O(100 GeV − 1 TeV). This fixes the relation between the parameters
F and Λ as follows:
F =
( α
4π
)−1
mgaugino 〈X〉 ≃ 10−14Λ2. (4.89)
With fixed gaugino masses we have two parameters: Λ and λ. The two conditions (4.87) and
(4.88), necessary for gravitational stabilization, can both be fulfilled for
Λ > 10−14/3MP . (4.90)
This lower bound on Λ is high enough to keep the metastable vacuum far away from the
supersymmetric one and to suppress sufficiently the tunneling rate. The shape of the zero
temperature potential around the minima is depicted at the Figure 5.1, the constraints on
the parameters from the susy breaking vacuum stability are presented in the Table 4.1 and
illustrated at the Figure 4.3.
4.8 Metastable Supersymmetry Breaking Vacua with Gen-
eralized Ka¨hler Potential
We assume that at tree level the fields have canonical Ka¨hler potential and that their interac-
tions are described by the most general superpotential consistent with the U(1) R-symmetry:
W = FX + ϕ˜i(mij + λijX)ϕj. (4.91)
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Interactions of X with ϕ˜i and ϕj induce perturbative quantum corrections in the classic the-
ory (4.91). The leading contribution of these corrections is the one-loop Coleman-Weinberg
potential for X [98],
VCW =
1
64π2
Tr(−1)FM4logM
2
Q2
(4.92)
where Mij = mij + λijS and Q the UV cut-off of the theory. This can be approximately
accounted for by introducing a correction to the Ka¨hler potential
δK = − 1
16π2
Tr
[
M†M log
(M†M
Q2
)]
(4.93)
where Mij = mij + λijX and Q is the UV cut-off of the theory. The R-symmetry present in
(4.91) implies that the R charge assignment for X is R(X) = 2, and guarantees that to leading
order around X = 0 , the effective potential takes the form VCW = V0 ± m2X |X|2 + O(|X|4)
[144]. Therefore, the correction to the Ka¨hler potential (4.93) is a function only of |X|2 and
can be expanded in powers of |X|2 with the dimensionful parameters g2l:
δK =
∑
l≥2
g2l|X|2l = −g4|X|4 − g6|X|6 − ... (4.94)
The g2 term simply rescales the canonical term in the Ka¨hler potential. Hence, starting from
the the superpotential (4.91) of a generalized O’R model we can integrate out the heavy chiral
superfields ϕi ending up with an effective low energy superpotential δWlow = FX and a Ka¨hler
potential with the correction (4.94). Actually, we integrate the supersymmetric rafertons out
for simplicity - alternatively we could keep them in the low energy Lagrangian together with
the 1-loop correction they generate. It turns out that under rather general conditions the
vacuum found in the full theory coincides to a good accuracy with the vacuum found in the
simpler model with decoupled rafertons. Again, we neglect the gauge bosons, assuming that
the nonstandard ones are very heavy, and noticing that the SM gauge boson masses do not
depend explicitly on 〈X〉. This gives in the global limit the effective potential
Veff = (KeffXX†)
−1|FX |2. (4.95)
Including gravity and messengers (not integrated out) we take
δWlow = FX + λXφφ¯+ c. (4.96)
and Keff = |X|2 − g4|X|4 − g6|X|6.
Setting for economical reasons φ = φ¯ one obtains the supergravity effective potential
V0 = F
2 − 3 c
2
M2P
− 2 c
M2P
F (X +X†) + 4g4F 2|X|2 − 2λF |φ|2 + 4 c
M2P
Fg4|X|2(X +X†)
+ 2λ2|X|2|φ|2 + 4F 2 g4
M2P
|X|4 + 9F 2g6|X|4 + λ2|φ|4. (4.97)
Again, we are going to cancel the cosmological constant by assuming c ≈ FMP/
√
3. The
dimensionful parameters g4 and g6 are of the form g4 ∼ ǫ4Λ−2 and g6 ∼ ǫ6Λ−4 where Λ is the
65
mass scale of the particles which are integrated out and ǫ4, ǫ6 are coefficients of an unspecified
sign. We absorb the scale into the coefficients and write them as |g4| ≡ 1/Λ21 and |g6| ≡ 1/Λ42.
The model discussed earlier in this paper corresponds to g4 = 1/Λ
2
1 = 1/Λ
2 and Λ2 → ∞.
The interesting observation lies in the fact that the parameters g4 and g6 can be positive or
negative. When the g4 is positive the g6 correction is negligible and we obtain the minimum
already known from the previous section
〈X〉 =
√
3Λ21
6MP
, g4 > 0. (4.98)
However, g4 can be negative. We are going to keep g6 positive in this case to ensure the existence
of a minimum. The higher order corrections are of course considered to be g2l|X|2l < |X|2.
In terms of Λ1,2 this means that our theory is valid in the regime |X| < Λ1 and |X| < Λ2. A
simple realization of a model that leads to such a situation has been given in [118].
For negative g4, g4 = −|g4| = −1/Λ21 the Ka¨hler potential reads
Keff = |X|2 + |X|
4
Λ21
− |X|
6
Λ42
(4.99)
and we can select the following two cases:
• X|g4| > 1/MP ⇒ X > Λ21/MP ,
which means that the O(X) is subdominant in (4.97) and leads to the minimum
| 〈X〉 |2 ≃ 2
9
|g4|
g6
=
2
9
Λ42
Λ21
. (4.100)
The condition g2l|X|2l < |X|2 in this minimum implies that Λ2 < Λ1. This minimum doesn’t
have any dependence on the MP which means that it survives in the global susy limit. This
can also be seen that omitting the O(X) in (4.97), which contains the dimensionful constant
c, the potential is to leading order the global susy one. The condition X|g4| > 1/MP in this
minimum translates into Λ31/MP < Λ
2
2 and one arrives at
Λ
3/2
1
M
1/2
P
< Λ2 < Λ1. (4.101)
The corresponding parameter space is illustrated in the Figure 4.1. The stability of the above
vacuum gives us more constraints on the parameters. Asking for stability in the φ-direction,
i.e positive determinant of the φ mass matrix, one finds the condition
|X|2 > F
λ
⇒ |X|2 ∼ Λ
4
2
Λ21
>
F
λ
. (4.102)
Loop corrections coming from the messengers are irrelevant if λ2Nφ/(4π)
2 < (Λ2/Λ1)
4. Thus,
approximatelly, we take
λ <
(
Λ2
Λ1
)2
. (4.103)
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Figure 4.1: (L1 ≡ Λ1, L2 ≡ Λ2) The parameter space (light blue region) that realize the
spontaneous breaking of the U(1)R symmetry. The region above, Λ2 > Λ1, corresponds to
non-positive definite Ka¨hler metric and the region below to U(1)R symmetric solutions -in the
global susy limit. In the black region there is no metastable vacuum due to the 1-loop effects
from the interaction of the X-field with the messengers φ, φ¯.
We note that contrary to (4.88) the above bound on the coupling λ is not MP suppressed, and
this is as it should be for susy breaking minima that survive in the global susy limit. Gaugino
massses of the order of 100 GeV - 1TeV relate the value of 〈X〉 to the F as follows
F =
( α
4π
)−1
mgaugino 〈X〉 ≃ 10−14Λ
2
2
Λ1
MP . (4.104)
Combining the above constraints on λwe find that the vacuum is metastable for Λ2 > 10
−7
(
Λ
3/2
1 M
1/2
P
Λ2
)
.
• The second case is X|g4| < 1/MP ⇒ X < Λ21/MP ,
which leads to the minimum
〈X〉3 ∼ 1
9
c
FM2P
1
g6
≃ Λ
4
2
MP
. (4.105)
The condition X|g4| < 1/MP is fulfiled for
Λ1
(
Λ1
MP
)1/2
> Λ2 (4.106)
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K = |X|2 ∓ |X|4
Λ2
1
− |X|6
Λ4
2
Metastable VEV Λ1 Λ2 λ
1. (−), Λ2 = Λ1 ≡ Λ 〈X〉 ∼ Λ2 Λ > 10−14/3 − 10−14〈X〉 < λ < Λ
2. (+), Λ
3/2
1 < Λ2 | 〈X〉 | ∼ Λ
2
2
Λ1
Λ1 > Λ2 Λ2 > 10
−7
(
Λ
3/2
1
Λ2
)
10−14
〈X〉 < λ <
(
Λ2
Λ1
)2
3. (+), Λ
3/2
1 > Λ2 〈X〉 ∼ Λ4/32 Λ1 > Λ2 Λ2 > 10−7 10
−14
〈X〉 < λ < Λ
2/3
2
Table 4.1: Zero temperature vacuum stability constraints (MP = 1) in the three cases of the general-
ized Ka¨hler potential. With gaugino masses mgaugino ∝ F/ 〈X〉 fixed at O(100 GeV− 1 TeV) the free
parametrs left are the cut-off scale and the coupling λ. The first case corresponds to Λ1 = Λ2 = Λ.
Since the 4th order correction has the same sign as the 6th order one, the 6th order term is negligible.
In the other two cases the 6th order correction is necessary for the stabilization of the metastable
vacuum. The hierarchy between Λ1 and Λ2 i.e. Λ1 > Λ2 keeps the corrections to the Ka¨hler potential
under control. The lower bound on the cut-off scales Λ, Λ2 originates from the vacuum meta-stability
in the messenger sector. The upper bound on the coupling k renders the one-loop correction to the
X potential irrelevant for the stability of the vacuum and the lower bound prevents messengers from
becoming tachyonic.
The special limit g4 ≈ 0 belongs to this domain. Stability of this vacuum in the φ-direction
implies
|X|2 > F
λ
⇒ X2 ∼ Λ
8/3
2
M
2/3
P
>
F
λ
(4.107)
and the loop correction given by messengers is irrelevant if
λ <
(
Λ
MP
)2/3
(4.108)
for λ2Nφ/(4π)
2 ∼ λ2, in accordance with (4.88). O(TeV) gaugino masses give us in this vacuum
the relation
F ≃ 10−14Λ4/32 M2/3P . (4.109)
Hence, here a gravitational stabilization of the vacuum is possible for Λ2 > 10
−7MP which
is a less stringent bound on the cut off scale compared to (4.90). The minimum (4.105), as
the (4.98), disapears if we neglect gravity. As MP → ∞ the susy breaking minima (4.98),
(4.105) enter the domain |X| <
√
F
λ
and they become tachyonic in the φ-direction. In the
absence of messengers these MP suppressed minima could exist even in the global susy limit
where the minimum would be at X = 0 preserving also the R-symmetry. However, in the
presence of messengers, the gravity allows the existence of these metastable vacua where both
susy and U(1)R break down. The zero temperature constraints of all the cases are assembled
and presented in the Table 4.1.
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Figure 4.2: (L1 ≡ Λ1, L2 ≡ Λ2) The parameter space (light blue region) that realize the
spontaneous breaking of the U(1)R symmetry. The dashed lines corrrespond to parameters
Λ1 and Λ2 of the coloured region that give gravitino of mass 1 GeV, 10 MeV and 100 KeV
respectively from top to bottom.
4.9 Constraints on the SUSY Breaking
Here we are going to review the constraints coming from the vacuum stability at zero tem-
perature which have been already considered and combine them with constraints coming from
gauge mediation domination over gravity. The zero temperature vacuum stability constraints
which have already been discussed have been summarized in the table 4.1.
Asking for gauge mediation domination over gravity mediation we can further constrain the
cut-off parameters Λ, Λ1 and Λ2. If gravity mediation contribution to squark mass squared
is suppressed to O(1%) then FCNC are sufficiently suppressed [81]. Hence, in the metastable
vacuum we ask for
m3/2
mgaugino
=
4π
α
√
3
〈X〉
MP
. O(1%). (4.110)
Obviously this gives us an upper bound on the value of the spurion X field. For α = 0.04 and
it yields
〈X〉 ≤ O(10−4 − 10−3)MP (4.111)
and for the rest of the paper we take the bound 〈X〉 ≤ 10−4MP .
For the first case where the 6th order correction to Ka¨hler potential is negligible the above
constraint translates into Λ . 10−2MP . For the second and third cases where the 6th order
correction to Ka¨hler potential is necessary we respectively have Λ2 .
√
10−4Λ1MP and Λ2 .
10−3MP . In the second case, the Λ
3/2
1 /M
1/2
P < Λ2 condition gives us a numerical upper bound
on Λ2: Λ2 .
√
10−4Λ1MP < 10−3MP . We see that the stringent upper bounds on the cut-off
scales apply for the case of Ka¨hler potential corrected up to 6th order and especially for the
second case in which susy breaking vacua survive in the global limit.
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Figure 4.3: At the upper panel, the region of the parameter space (white part) where the supersym-
metry broken minimum is metastable for the case of gravitational stabilization is depicted. At the
lower panel the parameter space (white part) where supersymmetry and U(1)R break spontaneously
at a metastable minimum is depicted for Λ2 = Λ
1.3
1 in Planck units. The black continuous vertical line
corresponds to gravitino mass of 100 GeV. The dashed lines, from right to left, correspond to 1 GeV,
10 MeV and 100 KeV gravitino mass respectively. At the figure, L stands for the Λ.
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Chapter 5
The Supersymmetry Breaking Sector
at Finite Temperature
The metastability of the supesrymmetry breaking vacuum raises the issue of the vacuum se-
lection in the thermalized early universe. Here, the basics of finite temperature field theory
are presented. Then, they are applied to the case of F -term supersymmetry breaking sectors.
Considering only the supersymmetry breaking sector it is shown that the global sypersymmet-
ric minima are thermally selected [37]. On the other hand the ISS paradigm, without ordinary
messengers, is thermally favourable.
5.1 Field Theory at Finite Temperature
The formalism used in conventional quantum field theory is suitable to describe observables, e.g.
the cross-section, in empty spacetime as particle interactions in an accelerator. Nevertheless,
in the early stages of the universe, at high temperature, the enviroment had a non-negligible
matter and radiation density, making the hypothesis of conventional field theories impracticable.
Under those circumstances the methods of conventional field theories are no longer in use and
should be replaced by others closer to thermodynamics, where the background state is a thermal
bath. This field has been called field theory at finite temperature [67, 147] and it is very usuful
to study all phenomena which happened in the early universe: phase transitions, inflationary
cosmology, baryogenesis, etc. A textbook devoted to the subject is the [105] and some textbooks
that we follow here are the [115, 13, 11, 130] together with the review article [137].
One of the fundamental objects in the statistical thermodynamics of a finite temperature
system is the partition function Z defined by
Z = Tre−βHˆ (5.1)
where the Hˆ is the Hamiltonian operator and
β = (kBT )
−1 = T−1 (5.2)
in units where the Boltzmann constant kB is set equal to 1. The trace in (5.1) means that
we are to sum over the the diagonal matrix elements of e−βHˆ for all independent states of the
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system. Once the partition function has been evaluated the Helmholtz free energy is given by
Z = e−βF (5.3)
where according to the thermodynamics F is related to the internal energy E and the entropy
S by
F = E − TS. (5.4)
The pressure p and the entropy are obtained from the free energy as
P = −∂F
∂V
∣∣∣∣
T=const
(5.5)
and
S = −∂F
∂T
∣∣∣∣
V=const
. (5.6)
The energy density is given by
ε = F + Ts (5.7)
where F and s are the free energy and entropy densities, with
E =
∫
d3x ε and s =
∫
d3xS. (5.8)
Therefore, the calculation of the partition function provides us with a determination of the
energy density.
The partition function in a gauge field theory is most efficiently calculated using path
integrals methods. The simplest contribution to the partition function comes from the free
neutral real scalar fields. The Lagrangian for such a field ϕ having mass m is given by
L(ϕ, ∂µϕ) = 1
2
(
∂ϕ
∂t
)2
− 1
2
(∇ϕ)2 − 1
2
m2ϕ2. (5.9)
In field theory at finite temperature, scalar fields ϕ(t,x) are replaced by fields ϕ(τ,x) periodic
in τ with period β,
ϕ(τ = 0,x) = ϕ(τ = β,x) (5.10)
where τ = it. The usual convention of referring to non-zero temperature as ”finite temperature”.
The partition function is formulated in terms of these periodic fields as
Z = N˜(β)
∫
periodic
Dϕ e
∫ β
0
dτ
∫
d3xL(ϕ,∂¯µϕ) (5.11)
where
∂¯µϕ ≡
(
i
∂ϕ
∂τ
,∇ϕ
)
(5.12)
and N˜(β) is a temperature dependent renormalization. The Dϕ is a path integral. Evaluation
of the path integral gives for the contribution of a real scalar field to the free energy
− βF = lnZ = −
∫
d3x
∫
d3p
(2π)3
(
β
2
√
p2 +m2 + ln
[
1− e−β
√
p2+m2
]
.
)
(5.13)
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Writing explicitly the temperature, β = 1/T , the above equation reads
− T lnZ = F ≡
∫
d3x (F0 + FT ) (5.14)
where
F0 = 1
4π2
∫ ∞
0
dp p2
√
p2 +m2 (5.15)
is the temperature independent one-loop zero point (for a quantum theory) energy and
FT = 1
2π2
T
∫ ∞
0
dp p2 ln
(
1− e−
√
(p2+m2)/T 2
)
=
T 4
2π2
∫ ∞
0
dy y2 ln
(
1− e−
√
y2+m2/T 2
)
(5.16)
is the temperature dependent part. When the mass of the scalar field is negligible compared
with the temperature the free energy simplifies to
Fscalar ∼= −π
2T 4
90
. (5.17)
For the case of gauge bosons there are subtleties, because for a typical choice of gauge, the
Lagrangian involves all four degrees of freedom of the gauge field Aµ(x) and also involves the
Fadeev-Popov ghost fields which occur in the construction of a consistent renormalizable theory
but are not physical particles. A massles vector field has only two degrees of freedom, the two
polarization states. The extra degrees of freedom are not physical and cannot be in equilibrium
with a heat bath nor can the Fadeev-Popov ghosts. This technical problem is addressed once
one works in a gauge that the gauge field has only two degrees of freedom and there are no
Fadeev-Popov ghosts. In such a gauge the partition function can be directly related to the
Lagrangian densiy. Then, the contribution to the free energy density from a massless vector
gauge field is found to be
Fvector = −2π
2T 4
90
. (5.18)
In the case of Dirac fields ψ the corresponding development of the finite temperature field
theory involves fields ψ(τ,x) that are antiperiodic in τ in the interval (0, β)
ψ(τ = 0,x) = −ψ(τ = β,x) (5.19)
and the contribution to the free energy density when T ≫ m
Ffermion ∼= −7
8
4
π2T 4
90
. (5.20)
For massless fermions, with one helicity state of the particle i.e. Weyl, or Majorana fermions
the free energy is the half.
Summing up, the free energy of an ideal ultra relativistic gas, T ≫ m, is given by
F ∼= −
(
NB +
7
8
NF
)
π2T 4
90
(5.21)
where NB and NF are the numbers of bosonic and fermionic degrees of freedom respectively.
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5.2 Effective Potential at Finite Temperature
The effective potential, of e.g. a scalar field ϕ, at finite temperature is the free energy density
associated with the ϕ field F ≡ V¯ T (ϕ) = ρϕ − Tsϕ. The derivation of the V¯ T is to account
for the effect of the ambient gas in the calculation of higher order quantum correction to the
classical potential. Hence, it is a finite temperature renormalization of the theory.
5.2.1 Path Integral Approach
At zero temperature the expectation value ϕc of the scalar field is determined by minimizing
the effective potential, V (ϕc), that may contain quantum corrections from various loop orders.
The one loop quantum correction is calculated by considering excitations ϕ˜ about the expec-
tation value (shift) and isolating the Lquad(ϕc, ϕ˜) in the Lagrangian which are quadratic to the
excitations ϕ˜. We can write
V (ϕc) = V0(ϕc) + V1(ϕc) (5.22)
where V0 is the tree level contribution and V1 is the one-loop quantum correction. Then it holds
e−i
∫
d4xV1(ϕc) =
∫
Dϕ˜ ei
∫
d4xLquad(ϕc,ϕ˜) (5.23)
where the
∫ Dϕ˜ denotes a path integral. Similarly, the finite temperature effective temperature
V¯ T (ϕc) = V¯0(ϕc) + V¯1(ϕc) = V¯0(ϕc) + V¯
0
1 (ϕc) + V¯
T
1 (ϕc) (5.24)
where the expectation value ϕc is now a thermal average. The V¯0 and V¯1 are the finite temper-
ature renormalized tree level and one-loop terms. At the right hand side of (5.27) the one-loop
terms were seperated to the temperature independent part V¯ 01 and the temperature dependent
V¯ T1 . The (5.23) is modified to
e
∫ β
0 dτ
∫
d3xV¯1(ϕc) =
∫
periodic
Dϕ˜ e
∫ β
0 dτ
∫
d3xLquad(ϕc,ϕ˜). (5.25)
When gauge fields Aµa and fermions ψr are included then the (5.25) also contains, in an arbitrary
gauge, path integrals over the gauge fields and their associated Fadeev-Popov ghosts and path
integrals over antiperiodic fermion fields. Then the terms in the Lagrangian of quadratic order
in fields are of the form
Lquad(ϕc, ϕ˜) = 1
2
∂¯µϕ˜i∂¯
µϕ˜i − 1
4
(∂¯µAνa − ∂¯νAµa)(∂¯µAνa − ∂¯νAµa)−
1
2ξ
(∂¯µA
µ
a)
2 + ∂¯µη
∗
a∂¯
µηa
− 1
2
[
Mˆ2S(ϕc)
]
ij
ϕ˜iϕ˜j +
1
2
[
Mˆ2V (ϕc)
]
ab
AµaAbµ −
[
Mˆ2F (ϕc)
]
rs
ψ¯rψs. (5.26)
The ϕc denotes the complete set of expectation values of the scalar fields ϕ˜i and the ψr are
Dirac fermions. For the fermions and the vectors there is no expectation value in order to
avoid breaking Lorentz invariance. The ηa are the Fadeev-Popov ghost fields introduced in
the construction of a consistent renormalizable theory of gauge fields but do not correspond to
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physical particles and ξ is the gauge fixing parameter. The gauge adoped is the Landau gauge
where there is no coupling of scalar fields to Fadeev-Popov ghosts.
The Mˆ2S, Mˆ
2
V and Mˆ
2
F are the mass squared matrices; their eigenvalues are denoted by
(M2S)i, (M
2
V )a and (M
2
F )r respectively. Then the one-loop term in the effective potential V
T
1
takes the form
V¯ T1 =
T 4
2π2
∫ ∞
0
{∑
i
ln
[
1− e−
√
y2+(M2S)i/T
2
]
+
∑
a
(
3 ln
[
1− e−
√
y2+(M2V )a/T
2
]
− ln(1− ey)
)
−4
∑
r
ln
[
1 + e−
√
y2+(M2F )i/T
2
]}
. (5.27)
There are two limits in which V¯ T1 is particularly simple. First in the limit where all mass-
squared eigenvalues are very much greater than T 2 all terms in V¯ T1 approach zero exponentially
and V¯ T1 become negligible. Second, in the high temperature limit where the T
2 is very much
greater than the mass-squared eigenvalues the integrals (5.27) can be analytically calculated
and the one-loop finite temperature potential is given by the expression
V¯ T1 (ϕc) ≃ −
π2T 4
90
(
NB +
7
8
NF
)
+
T 2
24
[∑
i
(M2S)i + 3
∑
a
(M2V )a + 2
∑
r
(MF )
2
r
]
− T
12π
[∑
i
(M3S)i + 3
∑
a
(M3V )a
]
−
∑
i
(M2S)
2
i
64π2
ln
[
(M2S)i
abT 2
]
−
∑
a
(M2V )
2
a
64π2
ln
[
(M2V )i
abT 2
]
−
∑
r
(M2F )
2
r
64π2
ln
[
(M2F )r
afT 2
]
... (5.28)
where the constants ln ab ≃ 5.41 and ln af = 2.63 numbers related to the Euler constant
appearing in the integrals. Omiting the negligible logarithmic terms the effective potential
reads in terms of the mass matrices squared
V¯ T1 (ϕc) ≃ −
π2T 4
90
(
NB +
7
8
NF
)
+
T 2
24
[
trM2S(ϕc) + 3trM
2
V (ϕc) + 2trM
2
F (ϕc)
]
− T
12π
[
tr{M2S(ϕc)}3/2 + 3tr{M2V (ϕc)}3/2
]
+ ... (5.29)
We note that for Weyl spinor fields there should be no factor of 2 in front of the Mˆ2F and the
eigenvalue squared (MF )
2
r . The NB and NF count the relativistic bosonic and fermionic degrees
of freedom and the traces over the mass matrices should be evaluated only for light fields since
the heavy fields do not contribute.
5.2.2 Canonical Quantization Approach
Another way to derive the effective potential at finite temperature (5.27) is through the cannon-
ical quantization of the fields. Considering a self interacting real scalar field with Largangian
L = 1
2
(∂ϕ)2 − V (ϕ). (5.30)
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The field ϕ can be decomposed into the the homogeneous and inhomogeneous components1
ϕ(t,x) = ϕc(t) + δϕ(t,x). (5.31)
so that the spatial average of δϕ(t, (x, t)) is equal to zero. Then the Lagrangian after Taylor
expanding around ϕc and averaging over spacee reads
L = 1
2
(∂tϕc)
2 +
〈
1
2
(∂µδϕ)
2
〉
− V (ϕc)− 1
2
V ′′(ϕc)
〈
δϕ2
〉
+ ... (5.32)
where the ′ is derivative with respect to the field φ. We note that the V ′(ϕc) 〈δϕc〉 is zero by
definition as well as the 〈∂µδϕ〉 = 0 appearing at the cross terms of kinetic energy. This last can
be understood e.g. by assuming that the fluctuation behaves like δϕ ∼ Aekµxµ . By applying
the Euler-Lagrange variational procedure
∂µ
δL
δ(∂µχi)
− δL
δχi
= 0 (5.33)
with χi = ϕc, δϕ we find the equation of motion for the space average and the fluctuations.
For the homogeneous mode ϕc we take
∂2t ϕc + V
′(ϕc) +
1
2
V ′′′(ϕc)
〈
δϕ2
〉
= 0 (5.34)
where the higher order terms ∼ 〈δϕ3〉 have been neglected. In quantum field theory this
corresponds to the so called one-loop approximation and the one-loop effective potential
Veff = V (ϕc) +
1
2
V ′′(ϕc)
〈
δϕ2
〉
(5.35)
can be defined.
In the lowest, linear order the inhomogeneous modes δϕ(t,x) obey the equation of motion
(5.33)
∂µ∂
µδϕ+ V ′′(ϕc)δϕ = 0. (5.36)
Assuming that the mass
m2δϕ(φc) ≡ V ′′(ϕc) ≥ 0 (5.37)
does not depend on time2 the solution of (5.36) is
δϕ(t,x) =
1
(2π)3/2
∫
1√
2ωk
(
a−k e
−iωkt+ikx + a+k e
−iωkt+ikx) (5.38)
where ak ≡ a(k) and a+k = (a−k )†. Also,
ωk =
√
k2 + V ′′(ϕc) =
√
k2 +m2δϕ (5.39)
1The correspondance ϕc → ϕc and δϕ→ ϕ˜ with the path integral approach is apparent.
2In different case we may have exponential growing modes, see Appendix Preheating section.
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with k ≡= |k|. At the equation of motion we did not considered the background geometry,
however neglecting the expansion of the space is a good approximation for our purposes since
an interacting field means that the interaction rate outrun the expansion rate i.e. Γ > H .
The determination of the effective potential (5.35 ) means calculation of the 〈δϕ2〉 con-
sidering both quantum and thermal contributions. Starting from the quantum contributions
we recall that in a quantum theory the δϕ(t,x) is treated as a position operator δˆϕx(t) that
should satisfy the Heisenberg commutation relations with the conjugated momenta ∂L/∂δϕt.
This translates to commutation relations for the operators aˆ+k , aˆ
−
k that behave like creation and
annihilation operators of harmonic oscillators acting in the Hilbert space. The vacuum state is
defined via
aˆ−k |0〉 = 0 (5.40)
for all k and corresponds to the minimal energy state. The vectors
|nk〉 = (aˆ
+
k )
n
√
n!
|0〉 (5.41)
are interpreted as describing nk particles per single quantum state characterized by the wave
vector k. Hence, calculating the square of δϕ and averaging over space and taking into account
that the only nonzero combination is the
〈
aˆ+k aˆk′
〉
= nkδ(k− k′) one finds
〈
δϕ2(x)
〉
=
1
2π2
∫
k2√
k2 +m2δϕ(ϕc)
(
1
2
+ nk
)
dk. (5.42)
The zero temperature vacuum contribution correspponds to nk = 0. The integral (5.42) is
divergent as k → ∞. Introducing a cutoff scale M the correction to the correction to the
potential of the homogeneous mode ϕc reads
V 01 (ϕc) ≡
1
2
V ′′(ϕc)
〈
δϕ2(x)
〉
=
1
4π2
∫ M
0
√
k2 +m2δϕ(ϕc) k
2dk. (5.43)
This is the energy density of the vacuum fluctuations that is characterized by quatric, quadratic
and logarithmic to the cut-off scale M divergences. For a renormalizable theory like the V =
λϕ4 the divergencies can be absorbed by the introduction of counterterms and the constant
appearing at the lagrangian at first place (bare constants) are replaced by the physical constants
(renormalized) and the effective potential (5.35) takes the form
Veff = V (ϕc) +
m4δϕ(ϕc)
64π2
ln
m2δϕ(ϕc)
µ2
(5.44)
where the µ is an energy scale introduced to render the effective potential, and in particular
the logarithm, free from the arbitrary cut-off scale M .
In the early universe a thermal equilibrium was established of temperatures at least of order
the MeV scale. Therefore, at such an enviroment the occupation numbers are expected to be
nonzero. A thermalized plasma of scalar particles is characterized by occupation numbers given
by the Bose-Einstein formula
nǫ =
1
e(ǫ−µ)/T − 1 (5.45)
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where µ, here, is the chemical potential that can be neglected and nǫ the occupation numbers for
a single kind of particle per microstate of energy ǫ = ωk. Applying this to (5.42) the fluctuations
average value obtains a dependence on the temperature according to the expression
〈
δϕ2(x)
〉
T
=
1
2π2
∫ ∞
0
dk
k2
ωk(eωk/T − 1) =
T 2
4π2
J
(1)
−
(
mδϕ(ϕc)
T
, 0
)
(5.46)
where the integration variable have been changed to k → ωk/T . Note that the zero temperature
energy from the vacuum fluctuations (the nk = 0 contribution) was not inluded. The function
J
(1)
− is an integral given by
J
(1)
−
(m
T
, 0
)
≡
∫ ∞
m/T
√
x2 −m2/T 2
ex − 1 dx (5.47)
and the thermal correction reads
V T1 (ϕc) ≡
1
2
V ′′(ϕc)
〈
δϕ2(x)
〉
T
=
T 4
4π2
∫ mδϕ
T
0
aJ
(1)
− (a, 0)da (5.48)
and after computing the integral via (5.47) at the high temperature limit T ≫ mδϕ it is
expressed by the expansion
V T1 (ϕc) ≃
m2δϕ
24
T 2 − m
3
δϕ
12π
T − m
4
δϕ
64π2
ln
m2δϕ
abT 2
+ ... (5.49)
where ln ab ≃ 5.4.
We mention that this result is identical with the V¯ T1 of (5.28) apart from the absence of
O(T 4) terms. The reason is that the (5.28) is the high temperature expansion of the integral
(see (5.13))
V T1 (ϕc) = T
∫
d3k
(2π2)
ln(1− eωk/T ) (5.50)
that includes the contribution from the kinetic energy of the thermal fluctuations as can be seen
from the expressions (5.25) and (5.26) whereas, the (5.49) does not account for the (∂δϕ)2 term.
Hence, one has to add to the expression (5.49) the ideal gas contribution to the free energy
(NB + 7/8NF )π
2T 4/30 in a theory that includes bosonic and fermionic degrees of freedom
since the expectation values of the fields are where the free energy minimizes and the entropy
maximizes.
5.3 Gravitational Gauge Mediation at Finite Tempera-
ture
In the Kitano model the messengers φ and φ¯ carry standard model quantum numbers and we
expect them to be in thermal (and chemical) equilibrium in the early universe. The chiral
superfield X of the secluded sector is coupled with a coupling λ to the messenger sector and,
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in principle, it can also achieve thermal equilibrium. The messengers interact directly with
the electroweak gauge bosons, which are light, hence their averaged interaction rate with the
Standard Model fields is of the order of α2SMT , which is larger than the expansion rate for
temperatures smaller than 1014 − 1015 GeV. However, mesengers have a mass of the order of
mφ = λ〈X〉, which is typically large with respect to the Fermi scale. According to the standard
lore, see [130], for the temperatures smaller than Tφ = mφ/20 the messengers decouple from
the expansion and become irrelevant as the source of thermal corrections to the potential for
X . However, as long as messengers are in equilibrium, they contribute thermal corrections
to the effective potential, as they couple directly to the spurion field via the term λ2X2φ2.
Even if the spurion X is not in thermal equilibrium with the heat bath, these corrections are
there, as the excited messengers with high energies also interact with X . In fact, X interacts
with the SM particles as well, with the strength which is suppressed by their coupling to the
messengers and by the messenger propagators. Finally, the spurions may communicate with
the Standard Model via the additional gauge boson, such as the ”anomalous” U(1) gauge boson
which appears in string-derived models. Although this additional gauge boson is typically only
one or two orders of magnitude lighter than the string scale, it may be sufficient to bring the
hidden sector into equilibrium for a period of time. In any case, we shall assume for now that
the equilibrium at least for the messengers holds down to the low temperatures Tφ ∼ mφ/20.
Let’s assume3, the sake of completence that the whole system to be in thermal equilibrium at
temperature T ; the formuli for a decoupled spurion can then be readily derived.
The interactions induce a thermally corrected potential with a shape different from the zero
temperature one. The minimum will be different, and we call it thermal average (Xc, φc, φ¯c).
At a temperature T we consider excitations (shifts) about the thermal average values. We can
find the finite temperature mass matrix of the fields which depends on the thermal average
values Xc, φc, φ¯c and of course on the temperature T . From the equations (5.28), (5.29) we can
calculate the finite temperature potential for the Kitano model, with field variables the shifts
X˜, φ˜, ˜¯φ, i.e. L(X˜, φ˜, ˜¯φ). As the temperature decreases the thermal average values of the fields
move and the evolution of the L(Xc, φc, φ¯c) can be found.
The first step is to write the zero temperature tree level potential (4.79) substituting in
the place of the zero temperature excitations X, φ, φ¯ the finite temperature excitations about
the thermal average, i.e. X, φ, φ¯ → Xc + X˜, φc + φ˜, φ¯c + ˜¯φ. To simplify the notation we set
X ≡ X˜, φ ≡ φ˜, φ¯ ≡ ˜¯φ. In the case of a supersymmetric theory with non-canonical Ka¨hler
potential (and including gravity) the traces of the mass matrices are given by the following
formulae [20]
trM2S = 2K
ij¯ ∂
2V0
∂φi∂ φ¯j¯
(5.51)
and
trM2F = e
G
[
Kij¯Kkl¯(∇iGk +GiGk)(∇j¯Gl¯ +Gj¯Gl¯)− 2
]
. (5.52)
The term −2 in (5.52) takes into account the mixed goldstino-gravitino contribution. We adopt
the notation ∇iGj = Gij − ΓkijGk with the connection
Γkij = K
kl¯∂iKjl¯. (5.53)
3In subsequent section we shall examine whether this assumption holds.
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Differentiating the V¯0 with respect to the X, φ, φ¯ we find the matrix of second derivatives about
the thermal average minimum:
V¯ ′′0 =


VX†X VX†X† VX†φ VX†φ† VX†φ¯ VX†φ¯†
VXX VXX† VXφ VXφ† VXφ¯ VXφ¯†
Vφ†X Vφ†X† Vφ†φ Vφ†φ† Vφ†φ¯ Vφ†φ¯†
VφX VφX† Vφφ Vφφ† Vφφ¯ Vφφ¯†
Vφ¯†X Vφ¯†X† Vφ¯†φ Vφ¯†φ† Vφ¯†φ¯ Vφ¯†φ¯†
Vφ¯X Vφ¯X† Vφ¯φ Vφ¯φ† Vφ¯φ¯ Vφ¯φ¯†


at
X = X† = 0
φ = φ† = 0
φ¯ = φ¯† = 0
In order to find the scalar mass matrix MXφφ¯ we have also to compute the inverse Ka¨hler
metric Kij¯ = (K−1)ij¯:
Kij¯ ≡
∂2K
∂ϕi∂ϕ¯j¯
=

 KXX† KXφ† KXφ¯†KφX† Kφφ† Kφφ¯†
Kφ¯X† Kφ¯X† Kφ¯X†

 ≃

 1− (X
†X)2
Λ2
0 0
0 1 0
0 0 1

 (5.54)
Kij¯ ≡ (K−1)ij¯ =

 1 + 4 (X
†X)2
Λ2
0 0
0 1 0
0 0 1

 (5.55)
where ϕ = X, φ, φ¯. The approximation (1 − |X|2/Λ2)−1 ≃ 1 + |X|2/Λ2 is justified for X ≪ Λ
i.e. where the low energy effective theory is valid. From (5.29) the eigenvalues of the scalar
mass matrix at the thermal average read
trM2Xφφ¯ = 2K
ij¯ ∂
2V¯0
∂ϕi∂ϕ¯j¯
= KXX
†
VXX† +K
φφ†Vφφ† +K
φ¯φ¯†Vφ¯φ¯† (5.56)
= 2
[(
1 + 4
X†X
Λ2
)
VXX† + Vφφ† + Vφ¯φ¯†
]
(5.57)
Considering for simplicity real values for the fields the trace (5.56) reads
trM2Xφφ¯ ≃ 2
[
4
F 2
Λ2
+Xc
(
−8Fc 1
Λ2
)
+X2c (2λ
2) + 2λ2(φ2c + φ¯
2
c) + φcφ¯c
(
−8Fc 1
Λ2
)]
(5.58)
The scalars X, φ, φ¯ are the scalar part of chiral superfields. Therefore, each of them has a
fermionic superpartner, a Weyl spinor which has to be taken into account. According to (5.52)
we have
trM2F =
〈
eG
[
KAB¯KCD¯(∇AGC +GAGC)(∇B¯GD¯ +GB¯GD¯)− 2
]〉
=
〈
eG
[
2KXX
†
Kφφ
† |∇XGφ +GXGφ|2 + 2KXX†K φ¯φ¯†
∣∣∇XGφ¯ +GXGφ¯∣∣2
+ 2Kφφ
†
K φ¯φ¯
† ∣∣∇φGφ¯ +GφGφ¯∣∣2 +KXX†KXX† |∇XGX +GXGX |2
Kφφ
†
Kφφ
† |∇φGφ +GφGφ|2 +K φ¯φ¯†K φ¯φ¯†
∣∣∇φ¯Gφ¯ +Gφ¯Gφ¯∣∣2 − 2]〉 (5.59)
80
The most important terms are found to be the first three:
trM2F ≃
〈
eK
[
2λ2φ¯†φ¯+ 2λ2φ†φ+ 2λ2X†X + ...
]〉⇒
trM2F ≃ 2λ2φ¯†cφ¯c + 2λ2φ†cφc + 2λ2X†cXc (5.60)
result which also coincides with that of the global supersymmetric limit. According to (5.22)
we can now write the tree level Kitano potential plus the quatric and quadratic to temperature
thermal corrections:
V¯ = V0 + V¯
T
1 = V0 −
π2T 4
90
N +
T 2
24
[
trM2S + trM
2
F
]
+O(T ). (5.61)
In terms of the fields it reads
V¯ = V0 − π
2T 4
90
N +
T 2
12
[
4
F 2
Λ2
+ (Xc +X
†
c )(4Fc
1
Λ2
) + |Xc|2(2λ2) + 2λ2(|φ|2 + |φ¯|2)+
+(φcφ¯c + φ
†
cφ¯
†
c)(−4Fc
1
Λ2
) + λ2|φ¯c|2 + λ2|φc|2 + λ2|Xc|2
]
+O(T )
For precise description of the evolution of the fields we need the O(T ) contribution, although in
the high temperature limit the O(T 2) dominates. The linear in T part of the finite temperature
corrected potential is
V ⊃ − T
12π
tr{M2S}3/2.
For sake of simplicity we take here φ = φ¯, actually the symmetry between φ and φ¯ in the
potential allows this simplification. The mass matrix has two positive eigenvalues λ1,2 = (M
2
S)1,2
(the negative eigenvalues give rise to the imaginary part of the potential which we neglect).
Dropping out the index ’c’ from the notation of the thermal average values Xc, φc, φ¯c the full
thermally corrected potential reads:
V ≃ c
2
M4P
Λ2−2 c
M2P
F (X+X†)+4F 2
|X|2
Λ2
−2λF |φ|2−4F c
M4P
(X+X†)|φ|2+2λ2|X|2|φ|2+O(X3)+λ2|φ|4
− π
2T 4
90
N +
T 2
12
[
4
F 2
Λ2
+ (X +X†)(4F 2
c
M2P
1
Λ2
) + |X|2(3λ2) + |φ|2(6λ2)
]
− T
12π
[(
4
F 2
Λ2
− 2 Fc
Λ2M2P
(X +X†) + 2λ2|φ|2
)3/2
+
(
2λF + 2λ2|X|2 + 2λ2|φ|2)3/2
]
. (5.62)
5.3.1 The Minima and the Evolution of the Finite Temperature
Scalar Potential
In what follows we have in mind thermal expectation values of real fields unless stated other-
wise. To start with we shall examine the shape of the finite temperature potential in various
directions in the field space.
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The φ-direction.
Firstly, in the φ-direction i.e. taking X = 0, the (5.62) reads
V φ = const(T )− 2λFφ2 + λ2φ4 + T
2
2
λ2φ2 − T
12π
[(
4
F 2
Λ2
+ 2λ2φ2
)3/2
+
(
2λF + 2λ2φ2
)3/2]
.
(5.63)
We can write it in a simpler form
V φ ≃ const(T ) + 1
2
m2φ(T )φ
2 −O(10−1)λ3Tφ3 + λ2φ4. (5.64)
where we defined the effective φ-mass as m2φ(T ) ≡ λ2T 2 − 4λF . The expectation value of the
φ scalar field is obtained by minimizing the potential. For sufficiently high temperatures there
is only one solution of ∂V/∂φ = 0, namely
φ = 0, (5.65)
and this is a minimum so long as m2φ(T ) is positive. The effective mass changes sign from
positive to negative (becomes tachyonic) at temperature T0
T0 = 2
√
F
λ
(5.66)
and we may write it as
m2φ(T ) = −4λF (1− T 2/T 20 ) (5.67)
We can see that the ∂V/∂φ = 0 of (5.64) has two more solutions: a maximum and a second
(local) minimum when m2φ(T ) ≤ (9/16)O(10−2)λ4T 2 and this occurs when temperature drops
below T1 where
T 21 =
T 20
1− (9/16)O(10−2)λ2 > T
2
0 . (5.68)
The second minimum and the maximum are at
φ±(T ) =
√
F
λ
[
O(10−1)λ3/2
µ
T ±
(
1− T
2
T 21
)1/2]
. (5.69)
At T = T1 the φ±(T1) is an inflection point. Below T1 we have the formation of the second local
minimum. At T = Tcr this minimum becomes degenerate with the global minimum φ = 0. This
happens when m2φ(T ) ≤ (1/2)O(10−2)λ4T 2. This relation gives a critical temperature slightly
lower than T1:
T 2cr =
T 20
1− (1/2)O(10−2)λ2 < T
2
1 . (5.70)
We see that T0 < Tcr < T1. Below the critical temperature the global minimum changes
discontinuously from φ = 0 to φ+(Tcr). The origin φ = 0 becomes metastable until T0 when
the barrier that keeps the origin locally stable disappears and then φ = 0 becomes a local
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maximum. However, comparing the (5.66), (5.68) and (5.70) we see that they are only slightly
different. Therefore, we can safely say
T1 ∼= Tcr ∼= T0. (5.71)
In other words, the origin becomes tachyonic simultaneously with the appearence of a second
asymmetric minimum, to a good approximation. This is equivalent to neglecting the term
linear in temperature in equation (5.64). This phase transition is practically of second order
[137] and takes place at the critical temperature
Tcr ∼= 2
√
F
λ
. (5.72)
The solution (5.69) gives the late-time minima in the φ-direction: φ±(T → 0) = ±F/
√
λ,
which are the supersymmetric minima of the tree level potential, while φ = 0 ends up as a local
maximum.
The X-direction.
Secondly, in the X-direction, i.e. for φ = φ¯ = 0 the potential (5.62) reads
V X ≃ const(T )− 4 c
M2P
FX + 4F 2
X2
Λ2
+O(X3)− π
2T 4
90
N+
+
T 2
12
[
X(8F
c
M2P
1
Λ2
) +X2(3λ2)
]
− T
12π
√
8λ3X3. (5.73)
The minimum along the X-direction is given by
Xmin(T ) =
4 c
M2P
F − 2Fc
3Λ2M2P
T 2
8F
2
Λ2
+ 1
2
λ2T 2
. (5.74)
We note the position of the minimum at different temperatures:
α) for T > Λ ⇒ Xmin ≃ −43 Fcλ2Λ2M2P ,
β) for T ∼ Tcr = 2
√
F
λ
⇒ Xmin ∼ cλM2P ,
γ) for T ≪ Tcr = 2
√
F
λ
⇒ Xmin ≃ 4cF/M
2
P
8F
2
Λ2
+ 1
2
λ2T 2
→ Λ2
MP
as T → 0,
δ) for T = 0⇒ Xmin =
√
3
6
Λ2
MP
.
The evolution of the X − φ system.
Until now we have examined independently the evolution of the X and φ directions. However,
what we deal with is a coupled X-φ system that could evolve in a different way. To see what
actually happens we write the scalar potential truncated to the most relevant terms:
V ≃ const−4 c
M2P
µ2X
(
1− T
2
6Λ2
)
+X2
(
4F 2
Λ2
+
λ2T 2
4
)
+φ2
(
−2λF + 2λ2X2 + T
2
2
λ2
)
+λ2φ4.
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Figure 5.1: The zero temperature and finite temperature vacuum structure of the theory (4.78)-
(4.79) for Λ = 10−2,
√
F = 10−9 and λ = 10−7. Real values for the fields are assumed. The
plot in the left panel (a) depicts the supersymmetry preserving global minima at φ2 =
√
F
λ
=
(10−5.5)2. The shallower supersymmetry breaking metastable minimum lies further away along
the X-direction at X =
√
3/6Λ2 ≃ 0.3 × 10−4 and can be seen in the middle panel (b). The
right panel, (c), depicts the shape of the finite temperature potential for T > Tcr without taking
into account the shift due to the O(T 4) term. The X , φ axes are scaled in Planck units while
the V (X, φ) is given in units of F 2.
The first remark is that the complete effective mass squared of the φ field is here ∂2V (X, φ, T )/∂φ2 ≡
m2φ,eff ≡ λ2T 2 − 4λF + 4λ2X2. For high enough temperatures the condition ∂V/∂φ = 0 is
satisfied for φ = 0. On the other hand, due to the linear term, the high temperature minimum
of the X field is Xmin = −4Fc/(3λ2Λ2M2P ). Thus, the effective mass of φ changes at high
temperatures and it has a non-zero contribution from the X field. However, we see from the
zero temperature vacuum meta-stability condition (4.87) that the λ2X2min term is negligible
compared to −λF and the critical temperature (5.72) is practicaly unaffected. At this temper-
ature the φ field becomes tachyonic and the global minimum of the potential moves from φ = 0
to φ =
√
F
λ
which is the supersymmetry preserving minimum.
A second important remark is that the coupled X-φ system makes the high temperature
minimum Smin unstable (saddle point) for temperatures lower than the critical one. However,
we saw that at T = 0 there is a metastable minimum at theX-direction (4.85). The temperature
at which the unstable X-direction (φ=0) minimum becomes a metastable one is given by the
condition:
∂2V (X, φ)
∂φ2
≥ 0 at φ = 0, X = Xmin(T ) and T < Tcr. (5.75)
First of all, we can see from (5.62) that
∂V (X, φ)
∂φ
= 0 at φ = 0. (5.76)
Therefore the V (X = Xmin, φ = 0) is an extremum of the potential. When ∂
2V (X = Xmin, φ =
0)/∂φ2 < 0 it is a saddle point. When ∂2V (X = Xmin, φ = 0)/∂φ
2 > 0, Xmin becomes a stable
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local minimum. For T < Tcr and λ > FM
2
P/Λ
4 we obtain from (5.62)
∂2V (X = Xmin(T ), φ = 0)
∂φ2
≃ −4λF + 4λ2X2min(T )−
T
12π
[
6λ2
(
2λF + 2λ2X2min(T )
)1/2]
.
(5.77)
It is easy to check that the linear temperature correction can be safely neglected. Therefore
∂2V (Xmin(T ), φ = 0)
∂φ2
≥ 0⇒ λF ≤ λ2X2min(T ) (5.78)
and
X2min(TX) ≃
F
λ
, (5.79)
where TX the temperature at which the X minimum becomes locally stable. Equating the last
relation and the equation (5.74) we can find the temperatue TX :
Xmin(T ) =
4 c
M2P
F − 2Fc
3Λ2M2P
T 2
8F
2
Λ2
+ 1
2
λ2T 2
≃
√
F
λ
(5.80)
which gives
T 2X ∼
c
√
F
M2P
√
λ3
. (5.81)
This is a temperature typically a few orders of magnitude higher than the tree level mass of
X , mX = F/Λ, hence the high temperature expansion is valid. Below this temperature the
metastable susy breaking vacuum forms and the temperature dependent terms start becoming
negligible. Let’s note that TX vanishes in the limit MP →∞ which makes sense since the susy
breaking vacuum disappears in this limit.
To summarize, the study of the evolution of the thermal averages of the fields (minima of
the potential) from a phase of high temperature thermal equilibrium towards the zero temper-
ature potential seems to disfavour the simple model of gravitational gauge mediation (see also
[36]): the susy breaking metastable vacuum is not reached if i) the univese has experienced
at high temperature a hot thermal phase in which the hidden/messenger sector fields (X, φ, φ¯)
were part of the interacting plasma and ii) that phase sets the thermal initial conditions for the
evolution of these fields, which means that they aren’t displaced from the symmetric thermal
minimum of the potential.
5.4 Temperature Corrections in Models with General-
ized Ka¨hler Potential
If we retain only the term O(T 2) and with the tree level potential V0 given by (4.97), the
effective potential at finite temperature takes the form
V = V0 +
T 2
12
(
4g4F
2 + 4
c
M2P
Fg4(X +X
†) + 3λ2|X|2 + 36F 2g6|X|2 + 6λ2|φ|2
)
+O(T 4).
(5.82)
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Varying the coupling λ Varying the scale Λ
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Figure 5.2: The figures show the thermal evolution of the VEV, X(T ), of the spurion for the case of
gravitational stabilization. The essential feature is that as the temperature increases the spurion has a
thermal average value close to the origin. At the left hand side panel the three curves correspond (from
bottom to the top) to couplings λ = 10−1, 10−3, 10−5 respectively and cut-off scale Λ = 10−3MP . We
see that the smaller the coupling the faster the thermal VEV moves to the zero temperature one
X(T = 0) =
√
3Λ2/(6MP ). At the right hand side panel the coupling is constant and equal to
λ = 10−5 and the parameter we vary is the cut-off Λ: from bottom to the top Λ = 10−4, 10−3, 10−2.
Therefore, the curves tend to different VEVs as the temperature decreases. At the figure, L stands
for the Λ.
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Figure 5.3: The figures demonstrate the thermal evolution of the VEV, X(T ), of the spurion for
the case of gravitational stabilization. The left hand side panel corresponds to the case of metastable
zero temperature vacuum and the right hand side to an unstable one, i.e. the vacuum does not exist.
However, at high temperatures the X-direction is stabilized. The painted region corresponds to zero
temperature tachyonic region. The temperature the spurion VEV, X(T ), exits the painted region
is the definition of the TX . The parameters for the metastable case (left panel) are Λ = 10
−3 and
λ = 10−5 and for the unstable (right panel) Λ = 10−3 and λ . 10−7.
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We see that the effective potential for the φ field coincides with the one studied previously.
There is a critical temperature Tcr = 2
√
F
λ
at which a nearly second order phase transition
takes place from the high temperature minimum φ = 0 to the tree level one φ2 = F/λ. On the
other hand, the evolution for the S field changes and we study it in the following. For g4 < 0
we substitute g4 = −1/Λ21 and g6 = 1/Λ42. Near the origin, for φ = 0, the potential along the
X-direction reads
V X = −2 c
M2P
F (X+X†)−4F
2
Λ21
|X|2+9F
2
Λ42
|X|4+T
2
12
(
−4 cF
Λ21M
2
P
(X +X†) + 3λ2|X|2 + 36F
2
Λ42
|X|2
)
,
(5.83)
up to terms which do not depend on X and are quartic in T . The λ2X2 is the O(X2) term that
dominates in the parenthesis above since the tree level stability condition of the metastable
vacuum (4.102) implies λ2 > F 2/Λ42. We also took into account Λ1 > Λ2 condition necessary
for the Ka¨hler potential to be well defined. At high temperatures T > Λ1 that the tree level
terms are completely negligible the minimum is close to the origin at X ∼ cF/λ2Λ21M2P . For
T < Λ1 the O(XT 2) can be omitted in favour of the O(X) term. As the temperature decreases
the X-minimum moves away from the origin we, again, distinguish two cases:
• Λ2 > Λ3/21 /M1/2P ⇒ X(T ) > Λ21/MP
The temperature TX at which the minimum exits the unstable tachyonic region |X| <
√
F
λ
and
becomes metastable is found to be
TX ∼ F
λ
1
Λ1
. (5.84)
At TX the minimum is of the order of the tree level one X
2
min ∼ Λ42/Λ21. A fast way one to
find TX is to note that the above result (5.84) would be exact in the case of absence of the
gravity terms O(X) and O(T 2X) from (5.83). Then the effective mass squared for X would
be m2X,eff = −8F 2/Λ21 + T 2λ2/2 and at that temperature the X-minimum would move by a
second order phase transition to non-zero values. This would correspond to a spontaneous U(1)-
R symmetry breaking simultaneously with the supersymmetry breaking; for another example of
spontaneous U(1)-R symmetry breaking of O’Raifeartaigh models [144] at finite temperature,
see [126]. It is easy to check that the TX (5.84) is less than the Tcr = 2
√
F
λ
at which a second
order phase transition to the q direction takes place. A way to understand this qualitatively
is that the direction that opens first, i.e. becomes tachyonic, is the one towards the minima
closest to the origin. The susy breaking minima are shallower than the susy preserving ones
and can be locally stable only if they are further than the susy minima (condition (4.102)).
• Λ2 < Λ3/21 /M1/2P ⇒ X(T ) < Λ21/MP
Here, the temperature at which the minimum exits the tachyonic region |X| < µ/√λ and
becomes metastable is
T 2X ∼
c
√
F
M2P
√
λ3
(5.85)
This can be seen from the fact that for X(T ) < Λ21/MP the O(X) term dominates over the
O(X2) in (5.84). At this temperature the minimum is to a good approximation the zero
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temperature (tree level) one X3min ∼ Λ42/MP . We see that (5.85) coincides with (5.81) as
actually expected from the similarities of the two models. We again remark that (5.85) is MP
suppressed which means that it disappears on the global susy limit together with the susy
breaking minimum.
To summarize, we have discussed models that possess susy preserving vacua close to the
origin and metastable susy breaking vacuua at VEVs defined by a power of an intermediate scale
Λ (or Λ1,Λ2) which is the cut-off for these theories. We saw that at high temperatures the field
is trapped near the origin. As the universe cools down, at the temperature Tcr = 2
√
F
λ
> TX ,
there is a second-order phase transition. The origin becomes unstable, since the φ-direction
becomes tachyonic, and the fields land in the supersymmetric global minimum. The small non-
zero expectation value along the X-direction cannot block the transition to the supersymmetric
vacuum. The conclusion seems to be that the susy-breaking metastable vacuum is not realized
in the early universe.
5.5 Including a Bare Messenger Mass
We generalize the superpotential (4.79) including an explicit mass term M for the messengers:
W = FX − λXφφ¯±Mφφ¯+ c. (5.86)
keeping the same structure (4.78) for the Ka¨hler potential
K = X†X − (X
†X)2
Λ2
+O
(
(X†X)3
Λ4
)
+ φ†φ+ φ¯†φ¯. (5.87)
The mass terms violates the U(1) R-symmetry down to a Z2 one. We are assuming that the
messenger mass is fixed in the fundamental theory. This model with δW = −Mφφ¯ and the
Ka¨hler potential (5.87) was discussed in [129] in the global susy framework. Here, we will
couple it to gravity and comment on the thermal behaviour of such a model.
In the global susy the theory the tree level potential reads
V0 = |F − λφφ¯|2
(
1 +
|φ|2
Λ2
+O(|φ|4/Λ4)
)
+ |λφφ¯±Mφ¯|2 + |λXφ±Mφ|2 (5.88)
and it has a susy minimum at
X = ∓M
λ
, φφ¯ =
F
λ
, (5.89)
and a susy breaking minimum at
X = φ = φ¯ = 0. (5.90)
The X gets a mass and is stabilized at the origin due to the non-canonical terms in the Ka¨hler
potential. Loops interactions with messengers, which do not respect the U(1)R because of the
mass term, generate the following Coleman-Weinberg effective potential for X [129]:
VCW ≃ 5F
2
(4π)2
(
λ3
M
(X +X†)− λ
4
2M2
(X2 +X† 2) + ...
)
(5.91)
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The meta-stability of the (5.90) susy breaking vacuum can be checked by looking at the mass
matrices of the X , φ and φ¯:
m2X ≃
(
4F
2
Λ2
− 5F 2λ4
(4π)2M2
− 5F 2λ4
(4π)2M2
4F
2
Λ2
)
, m2φ =
( |λX ±M |2 −λF
−λF |λX ±M |2
)
(5.92)
at the origin. Radiative corrections due to the coupling of the spurion to messengers can render
the mass of X tachyonic unless M > λ2Λ/(4π). In fact, the local minimum is shifted due to
the R-violationg interaction with the messengers to a value | 〈X〉 | ≃ λ2Λ2/(16π2M) neglecting
the constant c. This vev is generally much smaller than M/λ. The φ, φ¯ directions are stable
as long as M2 > λF is satisfied. Otherwise one of the messengers becomes tachyonica and the
susy breaking vacuum disappears. The exchange of messengers gives rise to the gaugino masses
of the order of [58]
m1/2 ≡ mλ ≃ α
4π
λF
M
(5.93)
where α represents a generic standard model gauge coupling. The fact that this model lacks a
U(1)R symmetry is the reason why it is claimed to give viable phenomenology while having a
metastable susy breaking vacuum at the origin contrary to models that respect U(1)R [31].
We shall demonstrate that the inclusion of gravity changes drastically the vacuum structure.
The dominant terms in the scalar potential read
V0 ≃ −2 cM2P F (X +X
†) + 4F 2 |X|
2
Λ2
− λF (φφ¯+ φ†φ¯†)− 2F c
M2P
(X +X†)(|φ|2 + |φ¯|2)
+|λX ±M |2(|φ|2 + |φ¯|2) + λ2|φ|2|φ¯|2.
It has been taken into account that the dimensionful constant c/MP must be of the order of
the susy breaking scale F for the vanishing cosmological constant. A few remarks are in order
here. Firstly, the susy breaking minimum is shifted from the origin X = 0 to the non zero value
X ≃ cΛ2/(2M2PF ). Secondly, since Λ ≥M , the X ∼ Λ2/MP can be close to the susy preserving
vacuum, although it is easy to arrange Λ2/MP ≪ M/λ. Hence, this model has the interesting
feature that the susy breaking minima are closer to the origin compared to the susy preserving
ones. This fact raises the question whether the susy breaking minima are thermally preferred.
In order to check this we write the finite temperature potential assuming a temperature higher
than the messenger scale M
V = V0 + V
T
1 = V0 +
T 2
12
[
4
F 2
Λ2
+ 4F
c
M2P
X +X†
Λ2
+ 3|λX ±M |2 + 3λ2(|φ|2 + |φ¯|2)
]
+O(T 4).
At temperatures T > Λ the thermal average field values are φ = φ¯ = 0 and X = ∓M/λ +
O(Fc/(M2Pλ2Λ2)). As the temperature decreases the mass squared of messengers at this mini-
mum, taking φ = φ¯, is
m2φ ≃ −2λF + 2|λX ±M |2 +
1
2
T 2λ2 ≃ −2λF + 1
2
T 2λ2. (5.94)
Therefore, the situation is similar to those presented in the previous chapters. If the susy
breaking sector and messenger are in thermal equilibrium with the thermal bath then the system
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Figure 5.4: In this figure the thermal evolution of the VEV, X(T ), of the spurion for the case of
Messenger Mass is demonstrated. The left hand side panel corresponds to different parameters of
Messnger Mass M = 106, 108 and 109 GeV for Λ = 2.4× 1015 GeV and λ = 10−5. At the right hand
side panel M = 107 GeV, Λ = 2.4× 1015 GeV and λ = 10−5; the painted area is the zero temperature
tachyonic region; the TX is defined as the temperature that the X(T ) exits the painted region. The
figure shows the zero temperature minimum X = 0 and the high temperature X ≃M/λ.
at the critical temperature Tcr ≃ 2
√
F
λ
will evolve to the phenomenologically unacceptable susy
preserving vacuum. The situation could change if we assume further couplings of X of the form
δW = λ′Xϕϕ¯ where ϕ, ϕ¯ are fields uncharged under the SM gauge group [107]. This could
shift the high temperature minimum of X closer to the origin and change the thermal history.
However, the evolution of the system becomes then highly model dependent. We note that the
idea of adding to the superpotential a term δW = λ′Xϕϕ¯ was first presented in the paper by
Ellis, Llewellyn Smith and Ross [74] where their mezzo-O’Raifeartaigh model was modified in
this manner to push the thermal minimum towards the susy breaking metastable vacuum.
As explained in the previous section, an inflationary phase is expected to displace the fields
towards the region of relatively large vevs. The results of that section can be also applied in
the present case with the important difference that here the susy breaking and susy preserving
minima may exchange their roles in the arguments. For instance, if the vev of the spurion after
inflation gets shifted into the vicinity of the susy preserving minimum, then the system can
find itself to be trapped there.
5.6 Thermalization
At the end of inflation the inflaton field I oscillates about the minimum I0 of the inflationary
potential. At some point it decays completely and the universe becomes reheated. After
reheating I = I0 and there are no Hubble induced terms in the potential of X , φ and φ¯. The
value of the spurion at that time is denoted as Xrh. If the interaction rate of these fields with
the thermal plasma is larger than the expansion rate H , the fields will thermalize and the
potential will be corrected by temperature dependent terms. Otherwise, their potential will
be the zero temperature one, i.e. the tree level potential enhanced by Coleman-Weinberg loop
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corrections.
The messengers φ and φ¯ are coupled to the MSSM plasma via the SM gauge forces and
they can achieve thermal equilibrium. If the reheating temperature is higher than mφ where
mφ ≈ λ 〈X〉 then they get thermalized and stabilized at the origin. If not, one can still expect
a thermal mass for messengers due to thermalized MSSM gauge bosons. The messengers SM
gauge numbers couple to the gauge bosons as follows:
V ⊂ g2(|φ|2 + |φ¯2|) 〈AµAµ〉T . (5.95)
This induces a thermal mass of the order of g T , large enough to push the vevs of the messengers
towards 〈φ〉 = 〈φ¯〉 = 0 even for Trh < mφ.
On the other hand, the spurion X is coupled to MSSM degrees of freedom via loop diagrams
with the messengers as the heavy fields in the loops. For T > mφ the thermally averaged cross
section for 2-2 processes with two spurions is of the order of
Γint = 〈σvn〉T ∼
λ4α2
16π2
T (5.96)
(α corresponds to the SM fine structure constant) and the equilibrium in a radiation dominated
universe, Γ ≥ H = √g∗ T 2/MP , may be achieved below the temperature
Teq ∼ λ
4α2
16π2
√
g∗
MP = O(10−3)λ4α2MP . (5.97)
When messengers become non-relativistic, i.e. for T < mφ, the thermalization could also
be achieved and the relevant averaged cross section becomes 〈σvn〉T ∼ α2λ4T 5/m4φ . The
requirement that this interaction rate is larger than the expansion rate gives a lower bound
on the temperatures at which X can be thermalized. If the coupling λ is small enough then
the window of temperatures where the spurion thermalizes can be closed. Actually, the zero
temperature constraints on the coupling λ (4.88), (4.103) and (4.108) don’t allow the X field
to thermalize. Even when T > mφ, i.e. when the messengers running in the loops are light
compared to the temperature, the spurion X is out of equilibrium.
However, when Trh > mφ, the messengers get thermalized and they can contribute thermal
corrections to the potential of the spurion. One can see this if one takes into account that
thermal averaging of the term ∼ λ2|X|2|φ|2 in the tree level scalar potential leads to
λ2|X|2〈|φ|2〉T ∼ λ2|X|2T 2, (5.98)
for a thermal distribution of messengers. Once T < mφ the evolution of the spurion is governed
by the zero temperature potential.
It is interesting to note that thermalized MSSM degrees of freedom may alter the value of
the critical temperature. The exact modification of the critical temperature depends on the
Lagrangian that describes the interactions of the messengers with the observable sector and
it is generally model dependent. The study of the coupled system of hidden, messenger and
observable sectors will be performed in the next chapter.
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In conclusion, the messengers being charged under the Standard Model gauge group obtain
thermal masses which help to localize them at the origin of the field space. When the tem-
perature is higher than their tree level mass mφ ≃ λ 〈X〉 they induce a thermal mass for the
spurion X according to (5.98). This thermal mass may also drive the X field to the origin. On
the contrary, when the temperature is lower than mφ the thermal excitations of messengers are
Boltzmann suppressed hence the thermal induced mass of the spurion is negligible.
5.7 Thermal Evolution of the ISS
Lets assume that the ISS hidden sector is thermalized. At high enough temperatures the origin
is the minimum of the finite temperature effective potential. In the meson direction far away
from the origin a second minimum (which becomes the susy preserving one at T = 0) forms,
but it is always seperated by a barrier from the minimum at the origin. At a temperature
T ssbc ∼ µ the curvature of the potential at the origin becomes negative in the quark direction
(T ssbc )
2 =
12µ2
3Ne + 2Nm + g2(1 + 5(N2m − 1))/h2Nm
. (5.99)
but stays positive in the meson direction:
∂2V
∂q2
∣∣∣∣
M=0,q=0
< 0 and
∂2V
∂M2
∣∣∣∣
M=0,q=0
> 0 (5.100)
A new minimum forms in the quark direction, a phase transition occurs and the fields move to
the newly formed minimum. At a temperature T susyc ∼ (hµ2)1/2 the isolated minimum in the
meson direction becomes degenerate with the one at the origin:
V (M = 0, T susyc ) = V (M
T
0 , T
susy
c ) (5.101)
The T susyc when the minima have degerate potential energies and a tunneling through the barrier
can start is
(TMc )
2 =
[
24Nf
π2 (Nf +Nm)2 − 1)
]1/2
hµ2 +O(h). (5.102)
The potential barrier between them implies that the transition could be accomplished through
quantum tunneling between the two vacua which is much more strongly suppressed than the
classical transition in the quark direction. As the temperature decreases the minimum in the
meson direction becomes the global one and the other minimum, close to the origin in the quark
direction, becomes metastable. The minima are always seperated by a potential barrier and the
phase transition into the supersymmetric phase is suppressed by tunneling at all stages. The
conclusion is that the transition to the non-susy vacuum is thermally favoured. Also, it was
shown in [2, 3] that even if the fields start in the supersymmetric minimum, e.g. due to non-
adiabatic initial conditions, high enough temperatures will thermally drive them to the susy
breaking minimum. In particular, if the reheating temperature is Trh > O(1)µ the universe
ends up in the non-susy vacuum.
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The ISS evolution is exactly the opposite of what has been discussed in the previous chapters,
where susy vacua were thermally preferred. Large thermal masses stabilize the fields at the
origin of field space. At such small vevs of the fields the non-perturbative piece which creates
the supersymmetry preserving vacuum is irrelevant4. It is the tree level superpotential which
determines the behaviour near the origin, enhanced by thermal corrections. The basic difference
between the models considered earlier and the ISS is due to the multi-field structure of ISS and
to the rank condition breaking, which relegates the supersymmetric vacuum from the vicinity
of the origin. As a result, the number of light degrees of freedom is larger near the origin, i.e.
near the nonsupersymmetric vacuum. Hence, as the temperature drops, the closest, that is
supersymmetry breaking, minimum is naturally selected in the case of ISS. In O’Raifeartaigh
models studied here the situation is different - at high temperatures the corrections which are
responsible for the stabilization of the spurion at the supersymmetry breaking minimum are
irrelevant, and the supersymmetric minimum gets naturally selected.
However, it should be noted, that the models studied in this work belong to the class known
as ordinary gauge mediation with explicit messengers and with Ka¨hler potential stabilization,
whereas in the original ISS analysis explicit messengers have not been considered. In the liter-
ature there are several deformations of the ISS model with ordinary or direct gauge mediation.
An example of explicit messenger sector added to the ISS (4.73) isWmess = −λTr(M)φφ¯+MBφφ¯
[128, 4]. In principle one could imagine a large number of messengers (at least of the order
of N × Nf sets of messengers) which become light far from the origin, for instance due to
the presence of an explicit mass term. Although the squarks of the ISS sector are light at
M = 0, the actual physical masses of messengers could vanish at M ∼ MB/λ. Then the
thermal minimum, preferred by the large number of light states, could be at M 6= 0, contrary
to the previous conclusions concerning the pure ISS sector. Taking also into account that the
presence of messengers increases the number of susy preserving vacua in the field space, this
could result in thermal selection of a phenomenologically wrong vacuum. However, such a setup
is non-generic.
5.7.1 A Note on the Hidden Light Degrees of Freedom
Assuming that a Goldstino superfied X is coupled apart from the messengers to extra degrees of
freedom, as the quarks of the ISS model, then the number of the degrees of freedom coupled to
the X field becomes crucial. The minimum of the thermal potential is the minimum of the free
energy and, it is there that the entropy maximizes. A heuristic way to see where the minimum
lies is to count the light degrees of freedom in the field space i.e. to determine the δV T =
−Nπ2T 4/90 part of the free energy. For a supepotential of the formW ∼ hXqq¯+(λX+MB)φφ¯
a parametrization of the number of light degrees of freedom N coupled to the X field as
N(X) ∼ Nq
(
1− h
2X2
T 2
)
+Nφ
(
1− (λX +MB)
2
T 2
)
(5.103)
can give a qualitative picture of the position of the thermal minima in the direction of the X-
field. At (5.103) the Nq is the numbers of hidden sector quarks andNφ the number of messengers
4The overall power of the components of M in the nonperturbative piece is Nf/(Nf − N), which is larger
than 2 given the validity range of the model.
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with bare mass MB. Of course this heuristic formula holds only when the temperature is larger
than the masses of the fields (the number N does not account for the non-relativistic degrees
of freedom). Moreover, in the case the hidden sector, consisting of the X and q, q¯ degrees of
freedom, is not thermalized, e.g. when the inflaton decays dominantly to MSSM degrees of
freedom and does not reheat the dynamical supersymmetry breaking sector, one should not
count the q, q¯ degrees of freedom. Even in the case that the hidden sector quarks are light
they may be decoupled from the thermal bath. For instance, the Standard Model QCD axion
particles though light are non-relativistic and they consist cold dark matter candidates. Indeed,
as we have shown the spurion X is decoupled. In such a case the Nq of (5.103) is effectively zero
and the hidden sector quarks do not drag the thermal minimum towards the origin. There is
also the interesting possibility that the hidden sector is thermalized but it is not in a complete
thermal equilibrium with the MSSM. Then a different temperature should be considered for
the two systems -much similar to the temperature of the cosmic background neutrinos which
is different than the CMB photon’s temperature.
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Chapter 6
Thermally Favourable Gauge
Mediation Schemes
In the chapter 5 we studied the thermal evolution of the system of fields X, φ, φ¯. The X
field is by definition Standard Model gauge singlet and the φ, φ¯, as messengers, are charged
under the SU(3)c×SU(2)L×U(1)Y . However, the coupling of the messengers to the Standard
Model degrees of freedom was not taken into account -apart from the consideration of the
thermalization. In this chapter, the Standard Model degrees of freedom will be included and we
will demonstrate that the metastable vacuum can be thermally selected under general condition.
Nonetheless, before we consider the Standard Model effects we consider Standard Model gauge
singlets ϕ, ϕ¯ coupled to the spurion and examine first whether this isolated system X,ϕ, ϕ¯ can
select the false vacuum. This study is of special interest since generically the X can be coupled
to Standard Model singlet fields. We can readily extend the hidden sector. In the lines of (4.10)
we consider
W = FX +
N∑
i
N∑
j
λijXφiφ¯j ≡ FX +X
(
NHS∑
i
NHS∑
j
kijϕiϕ¯j +
Nmess∑
i
Nmess∑
j
λijφiφ¯j
)
(6.1)
i.e. we split the supersymmetry breaking sector into the Standard Model singlet fields ϕ, ϕ¯ and
the Standard Model charged φ, φ¯. The indices i, j run from 1 to N where N = NHS + Nmess
and NHS the copies of ϕ, ϕ¯ and Nmess the copies of the φ, φ¯. The thermal evolution of the (6.1)
with some interesting extensions will be studied. In particular the superpotenial
W = FX + kXϕ2 + λXφφ¯+Mφφ¯+ c (6.2)
where the φ, φ¯ are, as usual, the messenger fields and the ϕ carry no Standard Model numbers.
We will show that extra degrees of freedom that restore supersymmetry and carry no Stan-
dard Model charges make the selection of the metastable supersymmetry breaking vacuum a
not-generic phenomenon [37]. On the other hand, messengers although restore supersymmetry
as well they can make the metastable vacuum favourable [38].
The essential result of this chapter is based on the paper [38] that demonstrated the gen-
erality of the thermal selection of the metastable supersymmetry breaking vacuum in ordinary
gauge mediation models.
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6.1 Conditions for selection of the susy breaking vacuum
in systems without Messengers
We start the study of the condition that implement the selection of the metastable supersym-
metry breaking vacuum by considering, as a first step, the system
WHS = FX + kXϕ
2 + c (6.3)
and the corrected for the spurion Ka¨hler
K = X†X − (X
†X)2
Λ2
+ ϕ†ϕ (6.4)
where the ϕ are not charged under the SU(3) × SU(2) × U(1) Standard Model gauge group.
Although they look like ordinary messengers they are actually not, hence we can refer to them as
”hidden messenger-like” fields. Since the Standard Model degrees of freedom were not directly
included in the chapter 5 the results derived there can be readily applied in the example (6.3).
The purposes of this study are twofold. Firstly, we generalize the supersymmetry breaking
sector; actually the spurion is expected to be coupled to other hidden degrees of freedom: Direct
mediation modeles are typical examples. Secondly, this study will exhibit the crucial roˆle of
the MSSM gauge bosons, that are absent at (6.3), in the selection of the phenomenologically
correct metastable vacuum.
According to the section 5.4 it is straightforward to conclude that the condition which
controls the selection of a susy breaking vacuum of the system (6.3) is√
F/k < |X| < Λ. (6.5)
This is the prospective basin of attraction of the susy-breaking minimum. It is bounded from
above by the condition that the quantum corrected kinetic energy stays positive definite. The
lower bound is the tachyonic region about the origin. This condition can be broken into two: i)
X at the end of inflation should have a vev in the regime of our effective theory, i.e. |XINF| < Λ.
ii) X during reheating, or during a non-thermal phase, must obey |X| >
√
F/k. In the case of
a generalized Ka¨hler potential
K = X†X +
(X†X)2
Λ21
− (X
†X)3
Λ22
+ ϕ†ϕ. (6.6)
the cut-off scale is Λ2 and the condition reads:
√
F/k < |X| < Λ2.
Unless the above condition is fulfilled the system lands either in a susy preserving vacuum
or in the region of large field values where our IR-effective theory is not valid. For the selec-
tion of the susy breaking vacuum the hidden messenger-like fields must have a vev 〈ϕ〉 = 0.
Otherwise, the spurion has a tree level mass contribution k 〈ϕ〉 and can be attracted to the
origin. The hidden fields may have a vev 〈ϕ〉 = 0 thanks to the thermal mass that possibly
receive from thermalized hidden sector gauge bosons even in the case that the ϕ itself is not
thermalized.
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However, in the case the ϕ fields are thermalized, e.g. due to their self interaction, the
spurion also receives a thermal mass. This mass drives the spurion to the origin. A simple way
out would be to impose the condition Trh < mϕ. In fact, the more general condition which
makes it likely that the metastable vacuum becomes actually selected is the following:
Trh < max{mϕ, TX}. (6.7)
We note that the temperature TX can be larger than the mass of hidden messengers and hence
they can be thermalized. If there are further contribution to the thermal mass of ϕ the system
of fields is expected to be aligned along the X-direction (in the complex X-plane) and the
tree level ϕ-contribution to the mass of the X field, k 〈ϕ〉, vanishes. The upper bound on
the reheating temperature (6.7) guarantees that the susy breaking vacuum in the X direction
has formed: it is locally stable. Thus, the field can land in the susy breaking vacuum. In
particular, below the temperature T = F/(kΛ) < TX the relevant potential is approximately
the zero temperature one (4.83)
V (X) ≃ F 2 − 3c
2
M2P
− 2 c
M2P
F (X +X†) + 4F 2
|X|2
Λ2
+
k2Nϕ
(4π)2
F 2 log
X†X
Q2
+O(T ). (6.8)
The logarithmic term, originating from the interaction of X with the ϕ, is important near
X = 0 but its effects are negligible for small values of coupling k ≪ Λ. As shown in [96],
where a non-thermal evolution of the system of fields was considered, the X field feels at most
points of the complex X-plane a much stronger force towards the supersymmetry breaking
vacuum than towards the supersymmetric one. It has been shown numerically that for initial
conditions Re(X)=Im(X) = Λ the X field settles into the supersymmetry breaking minimum.
If we additionally want the energy stored in the oscillations of the X field not to dominate the
energy density of the universe then the spurion at the time of reheating should be localized
around the metastable minimum. This could be realized via a possible tracing of the minimum
after inflation. Otherwise, it is possible that the late decay of the spurion will cause a late
entropy production diluting the dark matter abundance and the baryon asymmetry.
The condition (6.7) is not a strict constraint on the reheating temperature. Actually, the
smaller the coupling k the larger the reheating temperature can be. Also, decreasing the k
opens the window mϕ < Trh < TX , see Table 6.2.
An interesting observation here is that for couplings k so small that k < TX/MP the upper
bound on the reheating temperature at (6.7) is not necessary. The reheating temperature can
be arbitrary high. The reason is that due to the very small coupling k ≪ 1 the thermal mass
kT is smaller than the Hubble scale H ≃ √g∗ T 2/MP and the field X starts rolling down only
for temperatures T < TX . This can be seen by examining the dynamics of the spurion. In an
FRW universe the homogeneous spurion field obeys the equation of motion
X¨ + 3HX˙ + dV/dX = 0. (6.9)
In a radiation dominated phase H = 1/(2t) ≃ √g∗ T 2(t)/MP and dV/dX ∼ F 2/Λ2X+k2T 2X+
k2ϕ2X . Taking into account that the thermalized hidden messengers are driven fast to the
origin, one can see that for T ≥ TX the thermally induced spurion mass dominates the potential
and the equation of motion reads
X¨ + 3
√
g∗ T
2(t)X˙ + k2T 2(t)X ≈ 0. (6.10)
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The X starts rolling down only after H ∼ mX(T ) i.e. when k ∼ T/MP . Hence, the condition
k < TX/MP means that the thermal corrections to the spurion will not drive it to the origin
before the metastable susy breaking vacuum has appeared, independently of how large the
reheating temperature actually is. However, there is a price to pay: the smallest the coupling
k the largest is the tachyonic region |X| < √F/k about the origin and therefore, the area of
the initial values for the field X which realize the metastable vacuum gets reduced.
6.1.1 Cosmological Constraints on the Supersymmetry Breaking Sec-
tor
Apart from the zero temperature constraints presented in the section 4.10 we can additionally
apply the cosmological constraints of this section. The necessary condition for selection of the
metastable susy breaking vacuum is that the initial value of the spurion X is smaller than the
cut-off scale Λ, Λ2 (Λ1 > Λ2). We have set this initial value right after inflation to be XINF.
We shall assume |XINF| ≪ MP . Hence, we ask for Λ > |XINF| and Λ2 > |XINF|. The larger the
|XINF| is the larger the cut-off scale has to be. For the three types of models these constraints
are presented in the Table 6.1.
As discussed, there exists an additional condition which favours the selection of the susy
breaking vacuum for the theory (6.3). Namely: Trh < max{mϕ, TX}. The temperature, at
which the metastable vacuum appears, TX , depends inversely on the coupling k, e.g.
T 2X ∼
c
√
F
M2P
√
k3
(6.11)
for the (6.3) model. Hence, the smaller the coupling is the higher the TX . In other words, small
coupling k means a small coupling to the thermal bath i.e. the tree level potential dominates
over the 1-loop temperature dependent corrections even for high temperatures. On the other
hand, the larger the coupling k the heavier the hidden messenger-like fields are. Of course,
the value of k is model dependent. But, it cannot be arbitrary large or arbitrary small. For
example, considering the first case of gravitational stabilization, where the order 6 correction is
negligible, the coupling lies in the range 10−14(Λ/MP )−2 < k < Λ/MP , see Table 6.1. Otherwise,
the vacuum is unstable either due to tachyonic direction or due to quantum correction coming
from the coupling kXϕϕ¯.
As explained the hidden messenger-like fields can be thermalized without ruling out the
selection of the metastable vacuum. This is achieved when mϕ < Trh < TX . This translates
in a constraint on the coupling which for large TX = (10
−42Λ6/(k3M2P ))
1/4 has to be small.
Furthermore if the coupling k is smaller than TX the selection of the metastable vacuum does
not imply any bound on the reheating temperature. The reason is that if k < TX/MP i.e.
k < 10−6(Λ/MP )6/7 the spurion will not roll unless the temperature drops below TX .
For the first case of negligible 6th order Ka¨hler correction, Table 6.2 demonstrates the
range of values of the reheating temperature that can stabilize the spurion at the susy breaking
vacuum for different values of the parameter k given that the spurion vev at the time of reheating
is Λ2 . Xrh < Λ.
98
K = |X|2 ∓ |X|4
Λ2
1
− |X|6
Λ4
2
Λ1 Λ2 k
1. (−), Λ2 = Λ1 ≡ Λ |XINF| < Λ . 10−2 − 10−14Λ2 < k < Λ
2. (+), Λ
3/2
1 < Λ2 Λ1 > Λ2 |XINF| < Λ2 . (10−4Λ1)1/2 10
−14
(Λ22/Λ1)
< k <
(
Λ2
Λ1
)2
3. (+), Λ
3/2
1 > Λ2 Λ1 > Λ2 |XINF| < Λ2 . 10−3 10
−14
Λ
4/3
2
< k < Λ
2/3
2
Table 6.1: Combined constraints (MP = 1) coming from zero temperature vacuum stability, cosmo-
logical considerations necessary for susy breaking vacuum selection and gauge mediation domination
over gravity. The XINF is the initial value of the spurion field right after the end of the inflationary
phase. It constrains the cut off scales from below and the requirement for gauge mediation domination
over gravity constrains them from above. The larger the XINF is the more the gravity contributes to
the susy breakdown mediation. The constraints on the coupling k are the zero temperature ones.
Λ k kXmin < mϕ < kXmax TX Trh
10−2 10−3 10−7 < mϕ < 4× 10−5 10−11.25 Trh < mϕ
10−2 10−5 10−9 < mϕ < 10−7 10−9.75 Trh < mϕ
10−2 10−7 10−11 < mϕ < 10−9 10−8.25 Trh < mϕ
10−2 10−8 10−12 < mϕ < 10−10 10−7.5 unbounded
10−2 10−9 10−13 < mϕ < 10−11 10−6.25 unbounded
10−3 10−4 10−10 < mϕ < 10−7 10−12 Trh < mϕ
10−3 10−7 10−13 < mϕ < 10−10 10−9.75 Trh < TX
10−4 10−5 10−13 < mϕ < 10−9 10−12.75 Trh < max{mϕ, TX}
Table 6.2: Some bounds on the reheating temperature that favour, for specific initial values for the
spurion, the selection of the susy breaking vacuum by the system of fields (6.3). The value of the
spurion field X is the one at the time of reheating; it must be Λ2 . Xrh < Λ. The Λ cannot exceed
∼ 10−2 which is the maximum value allowed by the requirement of gauge mediation domination.
The reheating temperature is not bounded for couplings k < TX . If not, the upper bound is either
TX or mϕ if mϕ > TX . Approximately, the maximum value of mϕ is kΛ and the minimum kΛ
2.
We used MP = 1 and these results are for the first case i.e. the Ka¨hler potential for the spurion is
K = |X|2 − |X|4/Λ2.
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6.1.2 Conclusions
The conclusion of this section is that when the spurion is coupled to Standard Model gauge
singlet degrees of freedom via a superpotential δW = kXϕ2 then the metastable vacuum (it is
metastable due to this interaction) can be selected only under very constrained initial condi-
tions:
1) the spurion X has to be close to the zero temperature metastable vacuum at the time of
reheating and,
2) the reheating temperature has to be smaller than the max{mϕ, TX} and,
3) the coupling k has to be rather small (for extremely small coupling k the second condition
in not necessary.)
Once the ϕ-fields get charged under the Standard Model gauge numbers (i.e. ϕ → φ, k → λ)
then the thermal behaviour radically changes. The MSSM degrees of freedom decrease the
effective temperature that the supersymmetric vacuum forms i.e. the Tsusy becomes smaller.
Then a system described by the superpotential
W = FX + λXφφ¯ (6.12)
as we will show, is free from all the above constraints:
• the spurion initial vev can be generic,
• the reheating temperature is not constrained from above and
• the coupling, although there is an an upper bound, takes natural values.
The thermal behaviour of this system, i.e. a spurion field coupled to ordinary messengers, will
be presented in the next sections and is the main topic of this chapter.
6.2 Gauge Mediation with Ordinary Messengers
Gauge mediation is an attracive way of generating soft susy breaking in the Supersymmetric
Standard Model. There exist viable models of gauge mediation, complete with detailed hidden
sectors where susy is broken dynamically through strong dynamics; for a recent review see
[111]. Since the details of the hidden sector are often phenomenologically irrelevant, the hidden
sector is parameterized by a singlet field X which is a spurion of susy breaking and messengers
φ, φ¯ that through gauge interactions communicate susy breaking from the hidden sector to the
Supersymmetric Standard Model fields. The most general renormalizable, gauge invariant and
R-symmetric superpotential is
W = FX + (λijX +mij)φiφ¯j. (6.13)
We consider that all the fields φ, φ¯ are messengers, i.e. kij = 0, for the (6.1).
We assume that the messenger quarks and leptons are vector like under the Standard Model
gauge group. One might imagine constructing a model in which the messenger fields are chiral
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rather than vector-like under the Standard Model gauge group. The general problem of this
type is that radiatively gaugino masses are too small. The one-loop diagram responsible for
generating a gaugino mass necessarily involves chirality flips on the fermion and scalar lines.
These chirality flips are proportional to the messenger fermion masses m˜φ and therefore the
resulting masses of the gauginos are of order (α/4π)m˜2φ/MSUSY . Since m˜φ is of the order of
weak scale the gauginos in this scenario are unacceptably light.
Hereafter we consider that the messenger quarks and leptons are vector-like under the
Standard-Model gauge group. For example, assuming SU(5) GUT unification then the gauge
structure of the theory is SU(5) × GDSB, where the GDSB stands for any nonstandard gauge
groups of the hidden sector that may be necessary for communicating susy breaking to the
messenger sector. SU(5) gauge invariance implies that the messenger quark and leptons form
complete SU(5) representations. In the minimal case of a 5+ 5¯ messenger sector the messenger
superpotential at the GUT scale has the form
Wmediation = λX55¯. (6.14)
Below the GUT scale, SU(5) is broken and the superpotential takes the form (6.30), see below.
The assumption of unification makes the computation of λq and λℓ in terms of λ, by running
these couplings down to the messenger scale and threshold corrections are calculable. This
is also true for representations larger than 5 + 5¯. Introducing additional SU(5) multiplets
preserves gauge unification however, the gauge coupling at the GUT scale α5(MGUT ) increases
as we add multiplets. If we require that the α5(MGUT ) remains perturbative then we may add
only 1, 2, 3 or 4 5+ 5¯ pairs or a single 10+ 1¯0 pair or (5+ 5¯)+(10+ 1¯0) to the particle content
of the minimal SU(5) GUT. Additional 5s or 10s, or larger SU(5) representations will render
α5(MGUT ) nonperturbative [29].
However, increasing the messenger scale the upper bound on the messenger multiplets in-
creases. In particular, defining [87]
Nφ =
Nf∑
i=1
ni (6.15)
where Nf the flavours of the chiral superfields φi and φ¯, (i = 1, .., Nf) transforming as the
representations r+ r¯ under the gauge group; ni is the Dunkin index of the gauge representation
with flavour index i; for an SU(5) 5 n = 1 and for a 10 n = 3. The Nφ is referred as the
messenger index. The perturbativity of gauge interactions up to the scale MGUT implies
Nφ .
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ln
(
MGUT
Mmess
) (6.16)
where Mmess the messenger scale. IfMmess is as low as 100 TeV then Nφ is, as explained above,
less than five. As the messenger scale increases the upper bound on Nφ is relaxed. For instance,
for Mmess = 10
10 GeV, the eq. (6.16) shows that Nφ as large as 10 is allowed.
Gaugino Masses and Vacuum Structure
The ordinary gauge mediation theory (6.13) can give either vanishing or non-vanishing gaugino
masses at the leading order and a classification of the different cases can be found in [31]. It
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was shown in [116] that the gaugino masses are closely related to the vacuum structure of the
theory. The formula for the gaugino masses at leading order in susy breaking is
mg˜ ∼ F † ∂
∂X
log det(λijX +mij) (6.17)
and one can see that they vanish when det(λX +m) = detm. In this case the origin X = 0
is locally stable because there the scalar messengers have positive squared masses. On the
other hand, when det(λX +m) depends on X , the gaugino masses are nonzero at the leading
order. But there is a price to pay: there are no bare masses to protect all the messengers
from becoming tachyonic for |X| < Xmin, i.e. at the origin of field space. This implies the
necessity the spurion field X to be stabilized at a nonzero vacuum expectation value (vev) far
from the origin. The superpotential (6.13) doesn’t determine the vev of X which is, at tree
level, a pseudo-modulus. It can get a potential from perturbative quantum corrections in the
effective theory which lift the degeneracy. The Coleman-Weinberg potential usually stabilizes
the pseudo-modulus at X = 0 which implies that the potential runs off to infinity or to a susy
vacuum at X = 0, φ, φ¯ 6= 0.
Therefore, one has either to turn to models with locally stable origin and a mass hierarchy
between sfermions and gauginos (ISS [98] and other direct mediation models fall to this category
however, deformations of the ISS can evade this problem, [110] is a first example) or to look
for ways to stabilize the spurion at an X 6= 0 minimum. The former direction conflicts with
a light Higgs necessary for the generation of the electroweak scale, except if one is ready to
accept a more severe fine tuning in the Higgs sector. The later direction, fortunately, is not
a blind siding. Gravitational effects and the need to cancel the cosmological constant in the
phenomenologically acceptable vacuum can shift the susy breaking minimum at X 6= 0 outside
the tachyonic region [109]. Also, it has been shown [144] that when there are fields with
R-charges R 6= 0, 2 the 1-loop corrections can create an R-symmetry breaking minimum at
X 6= 0. Adding an explicit R-symmetry breaking mass term for messengers can stabilize the
susy breaking minimum as well [128].
Despite the above positive results the theories (6.13) with metastable vacua that give non-
vanishing gaugino masses are cosmologically questioned. The thermal evolution of the hidden
sector-messenger fields disfavours the selection of these susy breaking minima [36, 107, 37]. The
free energy density minimizes at the origin of the field space and as the temperature decreases a
phase transition towards the susy preserving vacuum takes place. On the contrary, vacua that
give vanishing leading order gaugino masses are generally thermally preferred, see [2, 36, 82]
for the ISS model.
The cosmological selection of these phenomenologically viable theories can be accomplished
assuming a non-thermal evolution as in [96] or even with thermalized messengers [37]. Nev-
ertheless, whatever the proposed solution was, the spurion X had to be in a particular way
displaced at the time of reheating and obviously, the exact value of displacement is highly model
dependent.
In this chapter we show that the Supersymmetric Standard Model (SSM) degrees of freedom
can change the thermal history of the gauge mediation models in the limit of small coupling
between the susy breaking and the messenger sector. We continue the discussion of [37] tak-
ing into account the SSM fields explicitly. We show that when λ ≪ 1 the metastable susy
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breaking vacuum can be thermally selected. Thermal selection means that the messengers are
thermalized, i.e. the reheating temperature is large enough. The metastable vacuum is realized
without the domination of the energy density of the universe by the spurion and hence, without
a late entropy production.
6.3 Metastable Gauge Mediated Susy Breaking
The minimal model of ordinary gauge mediation (OGM) is
W = FX − λXφφ¯ (6.18)
where X is a standard model gauge singlet field and φ, φ¯ messenger fields carrying Standard
Model quantum numbers. The scalar potential in the global limit reads
VF = |F |2+|λ|2|X|2
(|φ|2 + |φ¯|2)−(F †λφφ¯+h.c.)+|λ|2|φ|2|φ¯|2
(6.19)
for canonical Ka¨hler. The λ and F can be considered real after a phase rotation. The X =
0, φφ¯ = F/λ is a supersymmetric flat direction. The φ = φ¯ = 0, X is the susy breaking flat
direction with X not determined at tree level. An R-symmetric extension of the minimal model
(6.18) is to include an extra set of messengers plus a mass parameter:
W = FX + λXφ1φ¯1 + λXφ2φ¯2 +mφ1φ¯2. (6.20)
The directions φ¯1 and φ2 in the field space are not protected by the mass term. The area about
the origin |X|2 < F/λ is tachyonic for both models (6.18) and (6.20).
The degeneracy along the X-direction can be lifted. The interaction term λXφφ¯ induces at
one-loop level a correction to the Ka¨hler potential δK ≃ −(λ2/16π2)|X|2 log(|X|2/M2) which
attracts X to the origin. In addition, the initial Ka¨hler for the spurion may be non-canonical
and take the form
K = X†X − (X
†X)2
Λ2
(6.21)
with a cut-off scale Λ. For |X| < Λ the potential scales like V ∼ |X|2m4/Λ2. Above that
scale another (microscopic) theory takes over. A simple example is an O’Raifeartaigh type
superpotential W = moχ1χ2+koXχ
2
1+FX . For
√
F ≪ mo the O’Raifeartaigh fields χ1 and χ2
are integrated out in and the effective superpotential isWlow = FX+messengers. The presence
of the raifeartons is encoded in the Ka¨hler potential which includes the one-loop contribution
from χ fields and at low energies is effectively described by (6.21) with Λ2 ∼ m2o/k4o. Another
possibility is that X is a composite particle which forms a bound state below the scale Λ.
The next question concerns the expectation value of the pseudo-modulus spurion. Obviously
it has to be stabilized at |X| > Xmin. Generally, this can happen thanks to gravity. Adding
to the superpotential a dimensionful constant c in order to cancel the cosmological constant at
the susy breaking vacuum and for the Ka¨hler (6.21) the minimum is at [109]
〈X〉 ≃
√
3Λ2
6MP
. (6.22)
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There is also a way to give a vev to X for the superpotential (6.18) even in the global limit.
Assuming a Ka¨hler potential
K = X†X +
(X†X)2
Λ21
− (X
†X)3
Λ42
(6.23)
for Λ
3/2
1 /M
1/2
P < Λ2 < Λ1, the spurion is stabilized at 〈X〉 = Λ22/Λ1, where U(1)R is sponta-
neously broken.
For canonical Ka¨hler the Coleman-Weinberg correction can give a 〈X〉 6= 0, breaking also
spontaneously the R-symmetry, if there are exotic messenger R-charges [144]. In particular for
the superpotential (6.20) there is a minimum at 〈X〉 ≃ 0.3m/λ. We note that the minimal
model (6.18) cannot exhibit such a behaviour because there is no field with charge R 6= 0, 2.
Another simple solution to the problem of the spurion stabilization is to add to the super-
potential (6.18) an explicit U(1)R violating mass term Mφφ¯ for the messengers [128, 129]
W = FX − λXφφ¯−Mφφ¯. (6.24)
This relegates the susy vacua to X 6= 0 and a Ka¨hler of the form (6.21) can stabilize safely the
spurion at the origin. This model has similarities with the gravitational stabilization. Here,
instead of the constant c it is the mass M that violates the R-symmetry. After the trans-
formation X → X˜ = X + M/λ the superpotential and the Ka¨hler metric read respectively
W = FX˜ − λX˜φφ¯ − FM/λ and KX˜†X˜ = 1 − 4
(
|X˜|2 − (X˜ + X˜†)M/λ+ (M/λ)2
)
/Λ2. This
will result in a term linear in X˜ that shifts the minimum of the susy breaking vacuum to〈
X˜
〉
= M/λ. The susy preserving is at X˜ = 0, φφ¯ = F/λ.
The fact that the susy breaking vacuum is a local minimum in the field space, with an un-
stable origin, makes these theories cosmologically doubtful. The messengers carrying SU(3)×
SU(2)×U(1) quantum numbers get thermalized and, also, induce thermal masses on the spu-
rion X [37]. The unstable origin becomes the minimum of the finite temperature effective
potential since the thermal masses compensate the tachyonic ones. For coupling λ of order
O(1) there is a second order phase transition towards the susy preserving vacua.
However, as we will demonstrate in the next section, in the limit λ≪ 1 the thermal evolution
radically changes and the selection of the metastable vacuum can take place naturally. The
small coupling is necessary in order the thermal mass of the spurion to stay small and hence,
the metastable vacuum to emerge from the thermal corrections at high temperatures. On the
other hand, while λ decreases, the messenger thermal masses cannot become arbitrary small
thanks to the SSM degrees of freedom. Thus, the messenger tachyonic masses are ’covered’ by
the thermal ones until lower temperatures. Asking for a particularly small coupling between
messengers and the spurion prompts us to check whether other interactions could alter this
picture. Actually, only if the exact interactions of messengers and spurion fields are known
one can trace the thermal evolution of the system. Below, we will briefly summarize some
extensions of the minimal interactions (6.18) of X , φ and φ¯ with SSM fields.
Firstly, one can assume that there is a mixing of the messenger fields with ordinary fields.
This could enhance further the thermal effects. The messenger superfields φ¯ have the same
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quantum numbers as the ordinary, visible d¯ superfields. The difference is that the former
have couplings of the form Xφφ¯ whereas, the later have Yukawa couplings, QHDd¯. Thus,
one can consider a simple modification that takes place in the Yukawa sector. In particular a
messenger-matter mixing [61]
HDLiY
l
ij e¯j +HDQiY
d
ij d¯j (6.25)
with each of Li and d¯i refers to the four objects with the same quantum numbers. The con-
vention is that the L4 and d¯4 are a linear combination of fields which couple to the spurion X .
Y l is a 4 × 3 matrix while Y d is a 3 × 4 matrix, and the Y l4i and Y di4 are the ”exotic” Yukawa
couplings. The above messenger-matter mixing, if present can also contribute to the thermal
mass squared of messengers with an additional (|Y l4i|2 + |Y di4|2)T 2 term in the effective poten-
tial. However, this mixing results in non-universal contributions to scalar masses and FCNC
constraints the exotic Yukawa couplings to be weaker than the ordinary Yukawa couplings.
Another possibility is that the messengers couple to the Higgs superfields in the superpo-
tential
W = k′HUφ1φ2 + k¯
′HDφ¯1φ¯2. (6.26)
This coupling was proposed in [69] in order to generate a µ-term at one-loop level. For k′ = O(1)
this coupling can induce a significant thermal mass on messengers.
On the other hand the gauge singlet X may have direct couplings to SSM Higgs superfields
W ⊃ ǫXHUHD (6.27)
with a small coefficient ǫ. This interaction was introduced in order to generate at tree level
a Bµ-term for the Higgs sector [62]. For low energy phenomenological reasons it has to be
negligible small. If ǫ < λ then it is negligible in the finite temperature effective potential as
well.
To sum up, the couplings in the case of (6.25) are negligible, whereas the (6.26) and (6.27)
may be important and could modify the critical temperature of the phase transitions. In the
next section we will present the thermal evolution of the spurion and messengers taking into
account only the gauge vector fields which by definition are present and probably account for
the most significant thermal contributions. We will comment on the possible effects of (6.26)
and (6.27) combined with the cosmological constraints in the conclusions.
6.4 Thermal Evolution of OGM
If one neglects the SSM degrees of freedom, the thermalized system of fields evolves towards
the susy preserving vacua [37]1. This makes perfect sense. Having only one coupling λ to
the thermal plasma messengers and spurion are equally influenced by the thermal equilibrium.
The messengers, having tree level masses, are heavier than the spurion which receives a mass of
quantum origin (either due to non-minimal Ka¨hler or to Coleman-Weinberg corrections from
the interaction with messengers). Therefore, higher temperatures are required to overwhelm
the messenger tree level masses rather than the small ’quantum’ mass of X .
1Except if the system of fields, for λ≪ 1, is trapped close to the metastable vacuum after inflation [37].
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Figure 6.1: The figure show the region of parameter space where the supersymmetry breaking mini-
mum is metastable (white and yellow region) for the case of gravitational stabilization. In the yellow
region, below the green dashed line, the thermal selection of the metastable vacuum is realized. The
red line separates gauge mediation, m3/2 < 0.1mg˜, from gravity mediation.
Including the Standard Model gauge bosons introduces an extra contribution gT to the
messenger thermal masses but not to the thermal mass of the spurion. Decreasing the coupling
λ the spurion thermal mass, λT , is suppressed while the messengers’ remains gT . Therefore,
there is a threshold value of the coupling, λmax, that below this value the phase transitions get
inversed: the transition to the metastable susy breaking vacuum precedes the transition to the
supersymmetric one.
At finite temperature the fields that interact with the thermal plasma are no longer in
their vacuum state. The occupation numbers nk are given by the Bose-Einstein formula. The
temperature dependent 1-loop effective potential is of the form [130, 137]
V T1 ∼ T 4
∫
dxx2 ln
(
1± exp
(
−
√
x2 +M2i /T
2
))
(6.28)
where M2i is an eigenvalue of the mass squared matrices. In the high temperature limit where
T is much greater than the mass eigenvalues the scalar potential reads
V¯ T1 (φc) ≃ −
π2T 4
90
(
NB +
7
8
NF
)
+
T 2
24
[∑
i
(M2S)i + 3
∑
a
(M2V )a +
∑
r
(MF )
2
r
]
(6.29)
where we have omitted the negligible terms linear in temperature. We are interested in how
the thermal effects change the shape of the potential and in particular in the position of the
high temperature minima and how they evolve as the temperature decreases. In principle we
should include the D-terms in the scalar potential i.e. V = VF + VD. The D-term contribution
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Figure 6.2: The figure show the region of parameter space where the supersymmetry breaking mini-
mum is metastable (white and yellow region) for the case of spontaneous U(1)R breaking due to 6th
order correction to the Ka¨hler. Here we have considered the case where Λ2 = Λ
1.3
1 in Planck units.
In the yellow region, below the green dashed line, the thermal selection of the meta-stable vacuum is
realized. The red line separates gauge mediation, m3/2 < 0.1mg˜, from gravity mediation. The verical
thin lines in the white region correspond to gravitino masses 1, 10−2 and 10−4 GeV, from right to left.
The L stands for Λ.
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Figure 6.3: The figures show the region of parameter space where the supersymmetry breaking
minimum is metastable (white and yellow region) for the case of messenger mass Mφφ¯. In the yellow
region, below the green dashed line, the thermal selection of the meta-stable vacuum is realized. The
red line separates gauge mediation, m3/2 < 0.1mg˜, from gravity mediation. In the panel (a) the Ka¨hler
correction scale is fixed at Λ = 2.4× 1015 GeV and in the (b) Λ = 2.4× 1016 GeV
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to the sfermion masses can vanish if one imposes the ”messenger parity” proposed in [50] -but
not for the superpotential (6.20). Although the D-terms may be problematic for the low energy
phenomenology they do not change essentially the thermal evolution of the fields.
The messenger superfields φ + φ¯ can be decomposed into colour triplets q + q¯ and weak
doublets ℓ+ ℓ¯ which couple to the spurion like
λqXqq¯ + λℓXℓℓ¯ , (6.30)
where we considered the general case of different λℓ and λq. In the case of unification, e.g.
when the messengers transform in the 5+ 5¯ representations of SU(5) one has λℓ = λq = λ. We
explicitly write it in this way instead of the compact form (6.18) because the doublets ℓ+ ℓ¯ are
coupled to the thermal plasma weaker than the colour triplets q + q¯.
At high temperatures the thermal masses squared compensate the negative ones and the
effective minimum lies at the origin2 of field space. Apart from the spurion3 and the self-
coupling of the messengers, the gauge bosons induce thermal masses for ℓ + ℓ¯ and q + q¯. The
interaction between the observable gauge bosons and the messengers is identified in the kinetic
terms. For the scalar messenger fields the covariant derivatives read
Dµℓ = ∂µℓ− ig2W aµ
τa
2
ℓ− iyℓ g1
2
Bµℓ (6.31)
and
Dµq = ∂µq − ig3Gaµ
λ˜a
2
q − iyq g1
2
Bµq (6.32)
with yℓ,q = −1,−2/3 and yℓ¯,q¯ = 1, 2/3. The triplets q + q¯ couple to the thermal plasma mainly
via the strong gauge coupling g3. The doublets ℓ + ℓ¯ couple with g2 and g1/2 of SU(2) and
UY (1) respectively. At high energy g3 runs weaker and g2, g1 stronger. Using the one loop
β-function the solution to the renormalization group equation of gauge coupling strengths is
given by
1
g2i (T )
≃ 1
g2i (mZ)
− bi
8π2
ln
(
T
mZ
)
, (6.33)
with b1 = 11, b2 = 1 and b3 = −3. For the temperatures discussed here we consider the
approximate values g23 ∼ 4π/17, g22 ∼ 4π/28 and g21 ∼ 4π/43.
In the vicinity of the origin i.e., q = q¯ = X = 0, the relevant terms in the temperature
corrected scalar potential for the doublets ℓ + ℓ¯ are
V ⊃ −λℓF
(
ℓℓ¯+ h.c.
)
+ λ2ℓ |ℓℓ¯|2 +
T 2
24
[(
6λ2ℓ +
9
2
g22 +
3
2
g21
)(|ℓ|2 + |ℓ¯|2)] . (6.34)
In the O(T 2) part of the potential the contribution of the fermions and the spurion to the
thermal masses of ℓ,ℓ¯ has been taken into account. A decoupled spurion would decrease the
coefficient in front of the λℓ by a factor of 3. We recall that in the above expression the ℓ,ℓ¯ refer
2Except if there are U(1)R violating terms like the constant c or messenger mass terms of the form Mφφ¯ in
the superpotential. Then, the thermal minimum is at X 6= 0.
3For weak coupling λℓ, q the spurion is actually out of equilibrium [37].
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to the thermal average values since the potential is corrected by the temperature dependent
part. The critical temperature, i.e. the temperature when the mass squared at the origin turns
from positive to negative can be seen easier after a diagonalization of the mass matrix. We
rotate the fields to L1 = (ℓ¯
†+ ℓ)/
√
2 and L2 = (ℓ¯− ℓ†)/
√
2 and the mass terms in the potential
are transformed to
V ⊃ −λℓF
(|L1|2 − |L2|2)+ T 2
24
(
6λ2ℓ +
9
2
g22 +
3
2
g21
)(|L1|2 + |L1|2) . (6.35)
The direction L1 becomes tachyonic at temperature
T ℓsusy = 4
√
λℓF
3g22 + g
2
1 + 4λ
2
ℓ
. (6.36)
At this temperature, to a good approximation, a second order phase transition towards the
supersymmetric vacuum takes place. In the case that λℓ ∼ 1 so, λℓ > g2 the critical temperature
will be
T ℓsusy ≃ 2
√
F
λℓ
, for λℓ ∼ 1. (6.37)
We see that a small coupling, λℓ ≪ g1, between the spurion and the messenger fields decreases
the critical temperature
√
(3g22 + g
2
1)/4λ
2
ℓ times compared to the case of negligible gauge bosons
contribution. The values of gauge couplings, as mentioned above, are (3g22 + g
2
1) ≃ 1.64 hence,
for λℓ ≪ 1 the decrease can be significant.
In the case that the D-terms don’t vanish the relevant potential reads
V = VF +
1
2
g22
(
ℓ†
~τ
2
ℓ+ ℓ¯†
~τ
2
ℓ¯
)2
+
1
2
(
g21
2
)2 (
ℓ†ℓ− ℓ¯†ℓ¯)2 . (6.38)
The effective (thermal) masses of ℓ, ℓ¯ will obtain an extra contribution, but it is of the same
order of magnitude as the previous one and the critical temperature is not essentially changed.
Following the same steps for the triplets q+ q¯ it is straightforward one to see that the critical
temperature in this case is
T qsusy = 4
√
λqF
8g23 + (4/9)g
2
1 + 4λ
2
q
. (6.39)
For weak couplings, λq,λℓ ≪ 1, the critical temperature for the triplets q + q¯ is lower than the
critical temperature (6.36) for the doublets ℓ+ℓ¯ provided that λq/λℓ < (8g
2
3+(4/9)g
2
1)/(3g
2
2+g
2
1).
Plugging in the values of the running gauge couplings for temperatures of the order T ∼ 109
GeV the previous condition reads λq/λℓ < 5. Hence, considering λq ∼ λℓ, the first (larger)
critical temperature for the transition to the susy vacua is the one for the doublets. Hereafter
we will assume the (6.36) as the critical temperature for the system of fields.
The metastable susy breaking vacua appear at temperature TX . The exact value depends
on the way the spurion X is stabilized. We consider separately the cases of stabilization with
and without gravity.
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6.4.1 Gravitational Stabilization
Gravitational Gauge Mediation
A minimal model is the one described in [109] with W = FX − λXφφ¯ + c and K = |X|2 −
|X|4/Λ2. At zero temperature the origin is unstable in the direction of messengers for |X| <√
F/λℓ, q ; at temperatures T > Tsusy messengers thermal masses overtake the tachyonic ones.
The spurion receives a thermal mass of order λℓT and λqT from doublets and triplets that
stabilize X close to zero. As the temperature decreases the thermal effects weaken and the
minimum in the X-direction shifts towards the zero temperature value. The moment that it
exits the (would-be at Tsusy) tachyonic region, i.e. X >
√
F/λℓ, q, the metastable vacuum forms
[37]. This takes place at temperature squared4
T ℓX
2 ≃ 8 c
√
F
(2λ2ℓ + 3λ
2
q)M
2
P
√
λℓ , T
q
X
2 ≃ 8 c
√
F
(2λ2ℓ + 3λ
2
q)M
2
P
√
λq (6.40)
for doublets and triplets respectively. Considering λℓ ≃ λq = λ the TX temperature reads
T 2X ≃
8
5
c
λM2P
√
F
λ
(6.41)
with c = FMP/
√
3 = m3/2M
2
P for vanishing cosmological constant in the metastable vacuum.
The TX can be larger than Tsusy for small coupling λ, namely
λ <
(
3g22 + g
2
1
10
√
F√
3MP
)2/5
≃
(
0.16
√
F√
3MP
)2/5
. (6.42)
To present an example for
√
F = 2.4× 109 GeV (m3/2 ≃ 1 GeV) the coupling has to be lower
than λ . 1.0×10−4 and for√F = 2.4×108 GeV (m3/2 ≃ 10−2 GeV), λ . 3.9×10−5. The scaling
of temperatures Tsusy and TX is demonstrated in the figure 6.4. We recall that gaugino mass
of the order of O(100) GeV relates the parameters F and Λ according to F ≃ 10−14 〈X〉MP .
We also remind the reader that the coupling λ cannot become arbitrary small or large because
of the constraints from the zero temperature stability conditions on the susy breaking vacuum:
10−14(Λ/MP )−2 < λ < Λ/MP which are illustrated in figure 6.1.
In the case of gravitational stabilization, at TX there is no phase transition; only a smooth
shift of the vacuum to larger values. Hence, the system of fields lands at the metastable vacuum
if the effective mass of the spurion X is sufficiently larger than the Hubble scale. Following [121]
we assume that when MX > 30H the X field tags along the position of the temperature de-
pendent minimum and its oscillations are efficiently damped. In a radiation dominated phase
H = 0.33g
1/2
∗ T 2/MP and MX ≃ λT/
√
2 as one finds from the finite temperature potential.
This gives a lower limit on the ratio λ/T > 30 × 0.33√2g1/2∗ M−1P = O(100)M−1P . Otherwise,
4For temperatures T > Tsusy there is single global minimum of the finite temperature effective potential.
There are no tachyonic directions. In the case that TX > Tsusy at the temperature TX the ”would-be metastable”
minimum forms; hence, initially the minimum in the X-direction is global and at Tsusy it becomes local i.e.
metastable, but it never becomes unstable. It would become unstable only if TX < Tsusy.
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the spurion either stays frozen (when MX < H) to its postinflationary value until lower tem-
peratures or its oscillations about the metastable vacuum are not efficiently damped (when
H < MX < 30H). For the values of coupling considered here, i.e. 10
−8 . λ . 10−4, the limit
on the ratio λ/T is not problematic.
6.4.2 Global Limit
Higher Order Ka¨hler Corrections
For the case of 6th order corrected Ka¨hler function (A.8) the metastable vacuum survives in
the global limit MP → ∞. We consider again λℓ ≃ λq = λ. The metastable vacua appear at
[37]
TX =
4√
5
1
λ
F
Λ1
. (6.43)
neglecting gravity. Also here, we see that decreasing λ increases the temperature TX . For
λ <
(
3g22 + g
2
1
5
F
Λ21
)1/3
≃
(
0.33
F
Λ21
)1/3
(6.44)
TX is larger than Tsusy and there is a second order phase transition to the metastable vacuum.
Supersymmetry and U(1)R break spontaneously. For
√
F = 2.4× 108 GeV and Λ1 = 2.4× 1014
GeV the coupling has to be smaller than λ . 6.9 × 10−5 and for √F = 2.4 × 107.5 GeV and
Λ1 = 2.4× 1013 GeV we take λ . 1.5× 10−4.
Messenger Mass
In the case that there is an extra messenger mass term Mφφ¯ in (6.18) with Ka¨hler K =
|X|2− |X|4/Λ2 susy breaks down at φ = φ¯ = X = 0 while the susy preserving minimum lies at
X = −M/λ, φφ¯ = F/λ, for λℓ ≃ λq = λ. With a field transformation X → X˜ = X +M/λ the
vacua switch positions along the X-axis. The potential, then, has a form similar to the potential
of the gravitational stabilization. Following the same steps, we find that the temperature at
which the metastable vacuum exits the tachyonic region |X˜| <√F/λ is
T 2X ≃
16
5
FM
λ2Λ2
√
F
λ
(6.45)
which is of course the same for X and X˜ . The temperature (6.45) is the analogue of (6.41)
with the correspondence c/M2P → 2FM/(λΛ2). Fixing the gaugino mass to be of the order
O(100) GeV, gives F ≃ 10−14MP
〈
X˜
〉
= 10−14MPM/λ. The main difference, is that here one
has three parameters (M,Λ, λ) instead of two (Λ, λ) of the gravitational stabilization. The fact
that the messengers have explicit mass M that doesn’t depend on the coupling λ changes the
behaviour of the critical temperature of the transition towards the susy vacua. Namely, from
the last relation we take that λF ≃ 2.4× 104M GeV and the critical temperature (6.36) reads
T ℓsusy ≃ 107GeV
(
M
2.4× 108GeV
)1/2(
1
3g22 + g
2
1
)1/2
. (6.46)
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For a given mass M it has a fixed value. The TX is larger than T
ℓ
susy for
λ <
(
0.41× 10−2M
2
Λ2
)1/4(
2.4× 108GeV
M
)1/8
. (6.47)
Hence, for messenger mass M = 2.4 × 108 GeV and cut-off scale Λ = 2.4 × 1015 GeV the
transition to the susy breaking vacuum takes place first if λ . 8.0 × 10−5; for M = 2.4 × 106
GeV, Λ = 2.4 × 1015 GeV if λ . 1.4 × 10−5, see figure 6.4. The coupling λ cannot become
arbitrary small because gravity contributions to the soft masses start to dominate, see figure
6.3. Note that, here, the vev of the spurion is
〈
X˜
〉
= M/λ and the coupling λ is a free
parameter. Hence, for fixed gaugino masses the gravitino mass will scale like
m3/2 ≃
(
M
2.4× 108GeV
)(
10−6
λ
)
GeV. (6.48)
We recall here the zero temperature constraints that render the susy breaking vacuum
metastable: λF < M2 and λ2 < 4πM/Λ, see figure 6.3.
Canonical Ka¨hler
Finally, for the case of canonical Ka¨hler, if there is e.g. a double set of messengers with δW =
mφ1φ¯2 (6.20) which have exotic R-charges both U(1)R and supersymmetry can break down
spontaneously via a second order phase transition [31, 144]. Although there are similarities with
the case of Ka¨hler corrected up to 6th order, here the stabilization of the spurion is basically
different. It is due to the perturbative quantum correction coming from the interaction of the
messengers with the X field. The Coleman-Weinberg potential has a higher order dependence
on the coupling i.e. λ2F 2 to leading order in F 2. It is not straighforward to see from the
effective potential which is not of a polynomial type the critical temperature analytically. The
mass squared of the spurion scales like λ4F 2/m2 and hence we expect that the TX takes the
approximate form
TX ∼ λF
m
. (6.49)
Decreasing the coupling λ also decreases the TX and generally it cannot get larger that Tsusy.
Weak λ means even weaker stabilization of the spurion i.e. smaller mass. Therefore, models
of ordinary gauge mediation with canonical Ka¨hler where the susy vacuum is stabilized due
to the interactions with the messengers (minimal UV completion) cannot become thermally
favourable.
In the first case of the global limit the spurion is stabilized by the corrections in the Ka¨hler
function. These corrections have also a perturbative quantum origin but they come from the
interaction of the spurion with the integrated out degrees of freedom, e.g. with the heavy
raifeartons with different coupling ko. So in that case, decreasing the λ doesn’t change the
mass of the spurion.
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GRAVITATIONAL STABILIZATION
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Figure 6.4: The plots show how the critical temperature Tsusy (red dashed line) of the transition to
the susy vacua and the temperature TX (blue line) of the transition to the metastable vacuum scale
with the coupling λ, for the case of gravitational stabilization. It demonstrates that as the coupling
decreases the TX becomes larger than the Tsusy. In the white region there is an efficient damping of the
spurion oscillations thanks to a large enough thermal mass i.e. MX > 30H. We consider λ = λℓ = λq.
(L ≡ Λ).
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MESSENGER MASS
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Figure 6.5: The plots show how the critical temperature Tsusy (red dashed line) of the transition to
the susy vacua and the temperature TX (blue line) of the transition to the metastable vacuum scale
with the coupling λ, for the case messenger massMφφ¯. It demonstrates that as the coupling decreases
the TX becomes larger than the Tsusy. In the white region there is an efficient damping of the spurion
oscillations thanks to a large enough thermal mass i.e. MX > 30H. We consider λ = λℓ = λq and
Λ = 2.4 × 1015 GeV for the (a) panels and Λ = 2.4 × 1016 GeV for the (b) panels.
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6.5 Features of Thermally Favourable Gauge Mediation
We have shown that metastable susy breaking vacua of ordinary gauge mediation with non-
vanishing gaugino masses can be thermally selected. The thermal selection favours a small
coupling between the messengers and the spurion and it can be realized for generic initial vevs
of the fields.
The stronger a field is coupled to the thermal plasma the larger is the ’thermal screening’
effect on the tree level parameters. Decreasing the coupling makes the zero temperature poten-
tial to dominate quickly over the finite temperature corrections. In the case of messengers, SM
gauge bosons don’t let the thermal mass to drop below gT . On the other hand, the spurion
being coupled with the coupling λ feels only slightly the thermal effects if λ is small enough.
Hence, the spurion zero temperature potential can emerge at higher temperatures than the tree
level potential of messengers (which is responsible for the tachyonic origin). The conclusion is
that the temperature TX at which the metastable susy breaking vacuum appears can be larger
than the critical temperature Tsusy of the transition towards the susy vacuum. This happens
in models where the spurion is stabilized due to Ka¨hler corrections. Therefore, the spurion
zero temperature mass is unaffected by decreasing λ because it originates from the interaction
with integrated out heavy fields and not from the interaction with messenger fields. A coupling
10−8 . λ . 10−4 can make the metastable vacuum thermally favourable for gravitino with
O(10−3 − 1) GeV mass.
We note that such small values of the coupling λ are reasonable if the X field is a composite
operator above the scale Λ as is often the case in dynamical supersymmetry breaking scenarios.
Then λ is suppressed by a factor of (Λ/MP )
d(X)−1 where d(X) the dimension of the operator
X above the scale Λ [97]; see also the next subsection. Small values of λ imply stabilization of
the spurion at relatively large vevs, hence, the gravitino mass lying in the GeV range.
Let us note that if the messengers have a Yukawa coupling k to SSM fields, e.g. to Higgses
like in (6.26), and k′ > g2 the thermal mass of messengers is further enhanced. This can relax
the upper bound on the coupling λ for the thermal selection of the metastable vacuum. On
the the other hand, we ask for a weakly interacting spurion, which implies that X should not
directly couple to any observable field, like in (6.27), with a coupling ǫ > λ.
The selection of the metastable susy breaking vacuum takes place thermally. The oscillations
of the spurion are efficiently damped and thus there is no late entropy production. The reheating
temperature has to be high enough in order that the messengers to get thermalized and also,
the system of fields to get localized in the origin. For small coupling λ and temperatures higher
than about O(107− 109) GeV the thermal selection of the metastable vacuum is realized. It is
interesting to note that leptogenesis scenarios can be accommodated in these ordinary gauge
mediation models.
6.5.1 A UV completed Example
Small values for the coupling λ are natural in several models. Especially, it characterizes models
where the spurion X is a composed particle in microscopical level. For completeness, we present
an example that a small coupling is natural consequence of the hidden sector supersymmetry
breaking dynamics [128]. A supersymmetric QCD SU(N) with massive vector quarks Qi and
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Q¯i (i = 1, ..., Nf) and massive messengers φ, φ¯:
Wtree = mijQiQ¯
j +
λ¯ij
MP
QiQ¯jφφ¯+Mφφ¯. (6.50)
When N+1 < N < 3
2
N the magnetic dual SU(Nf−N) breaks supersymmetry on a metastable
local minimum if the quark masses mij are much smaller than the dynamical scale Λ¯ [98]. At
energies below the dynamical scale the superpotential is described by
Wtree =
1
Λ¯2Nf−3
(
B¯iM
ijBj − detM ij
)
+
(
λ¯ij
MP
M ij +M
)
φφ¯ (6.51)
where M ij = QiQ¯j a meson field and Bi = ǫii1...iNQ
i1 ...QiN/N !, B¯i = ǫii1...iN Q¯
i1 ...Q¯iN/N ! the
baryon and antibaryon chiral superfields respectively. After redefinition of the meson, baryon
and antibaryon fields to fields with canonical dimenions X ij = M ij/Λ¯, bi = Bi/Λ¯
Nf−2 and
b¯i = B¯i/Λ¯
Nf−2 the low energy superpotential can be written as
Wlow = X
ijbib¯j −miΛ¯X ii − detX
ij
Λ¯Nf−3
+
λ¯ijΛ¯
MP
X ijφφ¯+Mφφ¯. (6.52)
For Nf > 3 the superpotential term detX
ij is irrelevant and can be ignored to discuss physics
around the origin X ij = 0. The above superpotential can be rewritten in accordance with (6.1)
W = FiX
ii + kX ijϕiϕ¯j +
(
λijX
ij +M
)
φφ¯ (6.53)
where the coupling to messengers λij = λ¯ijΛ¯/MP . We note here that if the ISS model [98] is the
microscopic description of the sypersymmetry breaking sector then for ϕ, ϕ¯ 6= 0 the supersym-
metry is broken due to the rank condition. However, φ, φ¯ restore supersymmetry. An example
of natural values for the model are λ¯ij ∼ 1, Λ¯ ∼ 1011 GeV the effective low energy coupling is
λ ∼ 10−7. Therefore, the metastable vacuum according to (6.47) is thermally preferred.
We believe that this cosmological constraint on the coupling can be a guide for the hidden
sector gauge mediated susy breaking model building.
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Chapter 7
Stringy Moduli Stabilization And
Dynamical SUSY Breaking
In this chapter the basic topic is the stabilization schemes for the stringy moduli fields. An
introduction to some notions of superstring theories relevant for the discussion are presented.
We follow the KKLT flux compactification proposal where the volume modulus is left unfixed
in the low energy effective theory. It can be stabilized on either anti de Sitter or Minkowski
minimum. In the first case we employ an uplifting mechanism based on matter superpotentials
that break spontaneously supersymmetry. A central issue is the gravitino mass since, in the
KKLT scheme, it is tightly related to the the high of the barrier that prevents the overall
volume modulus from the decompactification limit. Alternative racetrack-like proposals where
the volume modulus is stabilized at Minkowski vacuum are also considered. Some of the results
of this chapter will appear at [41].
7.1 Theories of Higher Dimensions
We live in a universe with one time and three spatial dimensions. It could be, however, that
the world is really a space of higher dimensionality but that we are limited in our ability to
experience all its dimensions. Already in the 1920s T. Kaluza and O. Klein proposed to consider
an extra dimension to unify the theories of electromagnetism and gravitation by identifying
some of the extra components of the metric tensor with the gauge fields of the four-dimensional,
physical space time. Half a century later theorists asked for the extra dimensions in order to
construct consistent string theories.
Apparently, the first problem that such theories have to address is the invisibility of the
hypothetical extra dimensions. The simplst method that has been proposed for making the
extra dimensions unobservable is to suppose that they are compactified with a scale parameter
that is smaller than we can resolve. Imagining the presence of one extra dimension y this can
be compactified by identifying the points y and y + 2πR. This is equivalent to saying that the
y direction is curled up into a circle of radious R. Considering a scalar field ϕ(x, y) living in
this extended space then we require
ϕ(x, y) = ϕ(x, y + 2πR). (7.1)
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and expanding it in the Fourier series it reads
ϕ(x, y) =
∞∑
n=−∞
ϕn(x)e
iny/R. (7.2)
The quantization of the momentum in the compactified dimension yields values O(|n|~/R).
Hence, for a sufficiently small R only the n = 0 state will appear in the low energy physics,
E ≪ ~c/R. The observed states will be independent of the extra dimension y which will be
invisible from the low energy point of view. Actually, the smaller the lenght scale of compact-
ification the harder is to probe them experimentally. A common proposal is to take the scale
of compactification to be of the order of the Planck scale
R ∼ lP ≡ (~GN/c3)1/2 ≃ 1.6× 10−35m, (7.3)
hence, the mass of the excited states, n 6= 0, would be of the order of the Planck mass rendering
their direct observation out of reach.
Extra dimensions where invoked in physics by Kaluza aiming to unify the Maxwell theory
with the recently, at that time, formulated Einstein gravity. The idea was that electromagnetism
can be regarded as a consequence of general relativity in five dimensional space. Thus, the
metric is dimensionally extended to gMN with M,N = 0, 1, 2, 3, 4 which from the 4D point of
view contains the following degrees of freedom: the standard metric of spacetime gµ,ν , a four
vector field gµ4 = g4µ and a scalar field g44. The indices µ, ν span the observed spacetime
and x4 ≡ y is the coordinate of the extra dimension. The phenomenological requirement is the
invisibility for the extra dimension. Hence, according to (7.1), we Fourier expand the gMN(x, y)
metric
gMN(x, y) =
∑
n
g
(n)
MNe
iny/R (7.4)
and parametrize g
(0)
MN as [33]
g
(0)
MN = ϕ
−1/3
(
gµν + ϕAµAν ϕAµ
ϕAν ϕ
)
. (7.5)
This parametrization is general, it is only that the notation was particularly chosen for future
convinience. Including the extra dimension y the action of general relativity has the form
S = − 1
2κ25
∫
d4x dy e(5)R(5) (7.6)
where κ5 is the Einstein gravitational constant in 5-dimensional space, κ
2/8π ≡ G(5)N and
e(5) = [− det(gMN)]1/2. From (7.5) it entails that
e(5) = ϕ−1/3e (7.7)
where e is defined in terms of the physical 4 × 4 metric. Following standard texts on gravity,
e.g. the [93], R(5) can be calculated and the action (7.6) simplifies
S = −(2πR)
∫
d4x
e
2κ25
(
R(4) +
1
4
ϕF µνFµν +
1
6ϕ2
∂µϕ∂µϕ
)
(7.8)
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where the 4-dimensional scalar curvature R(4) is calculated from gµν . The tensor Fµν is defined
as Fµν = ∂µAν − ∂νAµ. Identifying it as the electromagnetic contribution to the action a new
feuture appears: the electromagnetic field is coupled to a massless scalar field ϕ. Since ϕ is the
scale parameter of the fifth dimension it is often called the ”dilaton/moduli” field. Apart from
the electromagnetism there is also an apparent modification of gravity. The gravitational force
between two masses m1 and m2 decreases now as r
3 and for a general D-dimensional space
as r(D−2); hence F (r) ∼ GDm1m2/rD−2. For distances r < R, where R the compactification
scale, the gravity looks much different than the observed. Returning to the 5-dimensional
example, at distances larger than the compactification radius the gravitational force is F (r) ∼
G5m1m2/(r
22πR). This can be also obtained by the action (7.8) which relates the 4-dimensional
constant κ2 = 8πG with the fundamental 5-dimensional one κ25 = 8πG5 :
κ2 =
κ25
2πR
. (7.9)
Another implication of this geometrical derivation of the electromagnetic field is that it couples
in a particular way to the matter. Introducing an additional scalar field χ in the theory (without
attributing to it any geometrical origin),
Sχ =
∫
d4x dy e(5)[g(0)MN∂Mχ∂Nχ] (7.10)
and after expanding it as in (7.1) the above action reads
Sχ = 2πR
∑
n
∫
d4x e
[
gµν
(
∂µ +
in
R
Aµ
)
χn
(
∂ν +
in
R
Aν
)
χn − n
2
ϕR2
χ2n
]
. (7.11)
The (7.11) manifests that the scalars χ are coupled in a locally gauge invariant way to the gauge
field Aµ and their mass term is related to the ”dilaton” vev and the scale of the compactification.
Furthermore, after normalizing the photon field Aµ the (7.11) gives a quantization condition for
the electromagnetic charge according to qn = nκR
−1√2/ϕ and quantized mass for the scalar
χ, mχn = |n|/(R
√
ϕ).
The deeper reason of this fascinating geometical derivation of electromagnetism is that both
the compactification scheme and the Maxwell theory share a basic symmetry. The electromag-
netism is a U(1) gauge theory and has the internal symmetry under the gauge transformations
Aµ → Aµ + ∂µθ(x). (7.12)
On the other hand, the extra dimension y is compactified in a circle (torus) hence, there is the
symmetry of the low energy theory under rotations
y → y + θ(x). (7.13)
Hence, the gauge transformation leaves the action invariant thanks to the reparametrization
invariance (7.13) of the theory. This remarkable fact encourages the assumption that all the
forces of nature have a geometrical origin and that all the internal symmetries might eventually
be understood as invariances under additional coordinate transformations.
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Despite the impressive results of the Kaluza-Klein theory the theory is not phenomeno-
logically viable. It implies that the gravitational force between two particles is equal to the
electrostatic force. Also, the charged χ particles are ultraheavy whereas the massless χ are
uncharged, i.e. singlets under the gauge group. These facts should have been expected since
Kaluza-Klein theory treats electromagnetism as part of a 5-dimensional gravity theory with a
universal basic coupling constant κ5. However, the Kaluza-Klein theory is very appealing and
generalizations were proposed that can avoid the initial problems of the theory.
7.1.1 N-Extra Dimensions
The first step towards a phenomenologically acceptable higher dimensional theory is to incor-
porate the Standard Model gauge bosons into the higher dimensional metric. Increasing the
number of the extra dimensions provides additional vectorial degrees of freedom. Considering
N extra dimensions compactified in the manifold K with yα the extra variables that span this
space, α = 1, ..., N , results in a generalization of the metric (7.5), g
(D)
MN , where D = 4 +N . It
should be expected that the metric g
(D)
MN is a solution of the vacuum Einstein equation
RMN = 0 (7.14)
or of the corresponding equation with a cosmological constant RMN +(1/2)RgMN +ΛgMN = 0.
However, the dynamic determination of the g
(D)
MN is highly non-trivial. A different approach
is to postulate a specific form for the compact space K. Choosing K to be a flat space with
Cartesian coordinates yα in which we identify points yα and yα+2πRα. The resulting manifold
K is a N -torus and can be thought as N small circles with radii Rα, which is the generalization
of the circle compactification of a single extra dimension. The symmetry group in this case is
[U(1)]N corresponding to invariance under seperate rotations around each of the circles. Such
a model have N different type of photons.
A more general symmetry that can be obtained is the so called ”isometry” group of the
manifold K. This is the group of the transformations of coordinates that leave the metric
unchanged. These transformations can be defined in terms of the ”Killing vectors” of the
metric, which are the directions, at any given point in the manifold, in which it is possible to
move from that point while keeping the form of the metric unchanged. Let us assume we make
a local coordinate transformation of the form, which defines the isometry group of the metric,
yα → yα +
nB∑
n=1
ǫn(x)kαn(y) (7.15)
where kn are nB independent Killing vectors and ǫ
n(x) are a set of infinitesimal parameters.
Then, because of the definition of the Killing vectors, there will be no change in the g
(N)
αβ part of
the metric g
(D)
MN . However, there will be a change in the other components which is compensated
by the transformation
Anµ → Anµ + ∂µǫn(x) (7.16)
which is exactly a gauge tranformation. The conclusion is that the coordinate invariance of the
4 + N -dimensional theory leads to a locally gauge invariant Yang-Mills theory, i.e. the gauge
group is the isometry group of the compact manifold.
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The inclusion of matter fields can take place without apparent phenomenological contradic-
tions as in the Kaluza-Klein model. A set of scalar fields
χαn = χ˜n(x)k
α
n(y) (7.17)
lies in the adjoint representation of the gauge group. These fields are massless in a manifold of
zero cosmological constant but they can have nonzero couplings to the gauge fields. Moreover,
these couplings can be related. Hence, given a particular manifoldK that includes the Standard
Model SU(3), SU(2) and U(1) the coupling strengths of each group can be connected even in
the absence of Grand-Unified group.
The crucial point here, is whether such a manifold K that contains the Standard Model
gauge group exists and what its properties is. Assuming that the manifold has at least the
SU(3) × SU(2) × U(1) isometry group then, as Witten (1981) has shown, this requires the
compact manifold to have at least seven dimensions. Thus, in order that all interactions of the
Standard Model can be obtained geometrically through the Kaluza method, we must live in a
world of eleven or more dimensions. Another important remark is that although the bosons
that may have a geometrical origin according to the spirit of the model, the fermions have to
be put in ”by hand”.
However, the requirement that the 7-dimensional compact manifold has the standard model
as the isometry group does not determine it uniquely. The possibilities can be infinite. How
to choose the properties of the compact manifold is one of the major problems of all the theo-
ries that begin in higher dimensions. The resultant physics is determined by the metrical and
topological properties of the compact manifold. Even if we require that this manifold must be
a solution of the higher dimensional equation of motion there is still so much freedom that all
the predictive power is lost.
Fermions
Fermions are basic constituents of our world, by default present in a supersymmetric framework
and hence, they should be aslo considered in the Kaluza-Klein type of theories. In an arbitrary
number of space dimensions the Dirac equation reads
(iΓM∂M −m)Ψ = 0 (7.18)
where M = 0, 1.., D − 1 spatial dimensions and ΓM are unitary matrices satisfying
{ΓM ,ΓN} = 2ηMNI[2D/2]. (7.19)
The ηMN is the higher dimensional generalization of the Minkowski metric with the convention
η00 = +1. The Γ matrices have 2[D/2] rows and columns, where [D/2] is the larger integer not
greater than D/2.
It can be shown that whenever D is even there is an analogue of the 4-dimensional γ5
matrices hence, Weyl spinors can be formed with 2D/2−1 components. On the other hand,
Majorana spinors only exist for dimensions D = 2, 3, 4, 8, 9 modulo 8. The requirement that a
spinor can be both Majorana and Weyl at the same time is even more restrictive. Majorana
and Weyl conditions can be imposed simultaneously for D = 2 modulo 8, i.e. 2, 10, 18, 26, ...
dimensions. Coming back to the requirement of 7-dimensional manifold, i.e. D = 11, which
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can have an isometry group that includes Standard Model we see, however, that there is no
analogue of ”chirality” in eleven dimensions. The fermions in D = 11 cannot not be Weyl. It
follows that a D = 11 dimension mass is not forbidden by chirality and since a 11-dimensional
mass implies a 4-dimensional mass too, it entails that 4-dimensional mass is always possible
and the observed fermions can not be chiral.
Fermions are fundamentally present in supersymmeric theories. Supersymmetric versions
of higher dimensional theories have been constructed and extensively studied. The supersym-
metric version of N = 1 in eleven dimensions has many attractive features. Under certain
conditions the Lagrangian of N = 1 supergravity in eleven dimensions is unique. In this model
all the symmetries, the forces and all the particles have geometrical origin. They appear all in
the only one possible supermultiplet that includes a symmetric tensor, a vector spinor and an
antisymmetric tensor. However, the chirality problem and the absence of a generally acceptable
compactification that preserves supersymmetry at the D = 4 physical world appears to rule out
the D = 11 Kaluza model. Decreasing the number of the dimensions to D = 10 then the chi-
rality problem is removed. Nevertheless, Yang-Mills multiplets are generally included resulting
in two sorts of gauge vector fields in four dimensions: those that arise from the metric tensor
gMN through the Kaluza mechanism and the fields A
α
µ from the extra Yang-Mills multiplet.
Despite the problems the attractive features of the higher dimensional theories are strong.
Furhermore, string theory, which was introduced in particle physics for completely different
reasons demands a space of a higher dimensionality. A brief summary of basic notions of string
theory is given in the following sections necessary for a phenomenological analysis of stringy
inspired models.
7.2 String Theories
String theory is widely considered a compelling fundamental theory, see eg. [113]. It assumes
that the fundamental building blocks are one-dimensional objects called strings. The corner-
stones of its success are basically two: firstly, string theory as a theory of extended objects
seems to be finite and secondly, in the spectrum of the closed string states occurs a massless
spin-2 particle that can be identified as the graviton.
The first remarkable aspect of string theory, the expected absence of ultraviolet divergences,
is due to the 1-dimensional nature of the string. Quantum field theory of point particles
interactions are associated with vertices where worldlines meet at a well defined point leading
to diverging physical quantities. On the other hand string interactions are associated with
worldsheets and there is no particular point to be identified with a vertex. Two different
observers will see the two interacting strings to merge at different points. Hence, there is no
Lorentz-invariant way of specifying the space-time point at which the two strings join. This fact
entails that the potenially ultraviolet divergent regions of integration are missing from string
diagrams and the string theory is apparently a finite one.
The string, being an extended object, has internal degrees of freedom. The oscillation modes
of the string may appear as the ”fundamental particles”. Each oscillation mode of the string is
an eigenstate of the energy and can be interpreted as a particle. In the closed string case one
encounters a spin-2 resonance. Its long wavelength interactions are found to be in agreement
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with general relativity and hence, it is identified as the graviton field. Such an interpretation
means that the energy scale of gravity, namely the Planck mass, becomes a characteristic scale
of the string. Hence, in the low energy limit, one can reach only the fundamental modes with
the excited modes chracterized by the MP .
We require the string to have a finite length, so it can be either an ”open” string with
two free ends or, a ”closed” srtring with no free ends. The trajectories followed by such
strings are two dimensional surfaces in spacetime, the worldsheet. Parametrizing the coordinate
along the string as σ, with 0 ≤ σ ≤ π, and the time along the worldline of any point of the
string as τ then the worldsheet is described in D-dimensional spacetime by the coordinates
XM(σ, τ), M = 0, 1, ..., D− 1. In order to describe the dynamics of the string and write down
its equation of motion we should construct the string action. For a relativistic free point particle
the action is proportional to the invariant length of the particle trajectory
S = −α
∫
ds (7.20)
where the constant of proportionality has dimensions of mass. Turning to the case of a string
moving in spacetime we expect that the action of a string is proportional to the surface area
of the worldsheet:
S = −T
∫
dA . (7.21)
Here the constant T turns out to be the string tension. Introducing the worldsheet coordinates
the action can be recast in the form
S = −T
∫ τf
τi
dτ
∫ l
0
dσ
√
(X˙ ·X ′)2 − (X˙)2(X ′)2 . (7.22)
This is the Nambu-Goto action and describes the dynamics of the classical relativistic string.
As the motion of a point particle in spacetime serves to minimize the length of the worldline,
the motion of a classical string in space-time acts to minimize the surface area of the worldsheet.
In order to write a quantum theory of strings we need to find the equations of motion for the
string which can then later be quantized. Quantization using the Nambu-Goto action is not
convenient due to the presence of the square root in the Lagrangian. It is possible to write
down an equivalent action, equivalent in the sense that it leads to the same equation of motion
that does not have the cumbersome square root. This action goes by the name of the Polyakov
action or by the more modern term the string sigma model action. This is done by introducing
an intrisic metric hαβ(τ, σ) which acts like auxiliary field. Using the notation h = dethαβ , the
Polyakov action can be written as
SP = −T
2
∫
dτdσ
√
−h hαβ∂αXµ∂βXνηµν . (7.23)
Extremizing the action one finds the equation of motion which can take the form of a simple
wave equation (
∂2
∂τ 2
− ∂
2
∂σ2
)
XM(σ, τ) = 0. (7.24)
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The solution of a wave equation can be written in terms of a superposition of waves moving to
the left on the string and waves moving on the right on the string:
XM = XML (τ + σ) +X
M
R (τ − σ). (7.25)
7.2.1 The Closed String
The closed string is characterized by the periodicity conditions
XM(τ, π) = XM(τ, 0), ∂σX
M(τ, π) = ∂σX
M(τ, 0). (7.26)
The solution of the wave equation can be written as an expansion of Fourier modes. We denote
these modes a αMk and the right and left moving components read
XML (τ, σ) =
xM
2
+
ℓ2s
2
pM(τ + σ) + i
ℓs√
2
∑
n 6=0
aMn
n
e−in(τ+σ) (7.27)
XMR (τ, σ) =
xM
2
+
ℓ2s
2
p˜M(τ − σ) + i ℓs√
2
∑
n 6=0
a˜Mn
n
e−in(τ−σ). (7.28)
The xM is the the center of mass coordinate and the pM is the total momentum of the string.
The second term at (7.27) and (7.28) corespond to the motion of the string as a single unit
(αM0 and α˜
M
0 Fourier modes) and the modes α
M
n describe the vibrations of the string. The ℓs
is the characterisric lenght of the string which is related to the Regge slope parameter α′ and
hence to the tension in the string via
T =
1
2πα′
and
1
2
ℓ2s = α
′. (7.29)
The periodicity conditions (7.26) restricts the solutions to those for which the wavenumber n
takes on integral values. In addition they enforce the condition pM = p˜M and we will refer to its
implications after the quantization of the string spectrum. The main approaches of quantization
are called covariant, light-cone and BRST quantization. It translates in commutation relations
for the Fourier modes of the closed string reminiscent of an infinite set of harmonic oscillators
[154]
[αMm , α
N
n ] = mη
MNδm+n,0 [α˜
M
m , α˜
N
n ] = mη
MNδm+n,0 [α
M
m , α˜
N
n ] = 0. (7.30)
The crucial point is that the presence of the Minkowski metric ηµν means that we can have
negative commutators, since η00 = −1. This results in negative norm states. One can get
rid the theory of the negative states by applying the so called Virasoro constraints Lm =
(1/2)
∑
n αm−nαn and L˜m = (1/2)
∑
n α˜m−nα˜n which are promoted to operators in the quantum
theory. The Virasoro operators satisfy the commutation relations
[Lm, Ln] = (m− n)Lm+n + D − 2
12
(m3 −m)δm+n,0 (7.31)
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which is called the Virasoro algebra with central extension. The central charge is the space
time dimension D. The Virasoro operators can be used to eliminate the unphysical negative
norm states. This takes place at the critical dimension
D = 26 (7.32)
i.e. in a 26-dimensional space. The mass spectrum of the mass operator M2 = −pµpµ is given
for the case of the closed string
M2 =
4
α′
( ∞∑
n=1
: αI−nα
I
n : −
D − 2
24
)
. (7.33)
where the summation is over the transverse degrees of freedom and the (D− 2)/24 ≡ a0 is the
zero point energy. The ground state |0, k〉 of the closed string has mass squared M2 = −4a0/α′
and it is a tachyon. The first excited states are derived from the ground state by
εIJα
I
−1α˜
J
−1 |0, k〉 (7.34)
with a mass squared 4(1 − a0)/α′. The tensor εIJ is a square matrix of size D − 2 and it can
be decomposed into a symmetric traceless tensor field
hIJ =
1
2
(
αI−1α˜
J
−1 + α
J
−1α˜
I
−1 −
2
D − 2δ
IJ
∑
P
αP−1α˜
P
−1
)
|0, k〉 (7.35)
an antisymmetric tensor field
bIJ =
1
2
(
αI−1α˜
J
−1 − αJ−1α˜I−1
) |0, k〉 (7.36)
and a scalar field known as the string dilaton
eφ =
∑
P
αP−1α˜
P
−1 (7.37)
The string dilaton plays a central role since it determines the value of the string coupling
λ =
〈
eφ
〉
. The indices I, J correspond to the transverse spatial degrees of freedom. In a 26-
dimensional space the above fields are massless and fall into representations of the transverse
group SO(D − 2). The fact that there is a symmetric traceless tensor massless field in the
spectrum is essential. It is interpreted as one particle graviton states i.e. a fluctuation of the
metric, gIJ = ηIJ + hIJ . This interpretation implies that the interaction of the strings relate
the 1/
√
α′ with the Planck scale. The bIJ states correspond to the one particle states of the
Kalb-Ramond field which is in many ways the tensor generalization of the Maxwell gauge field
Aµ. The Kalb-Ramond field couples to strings in a way that is analogous to the way that the
Maxwell field couples to particles and thus, it is said that strings carry Kalb-Ramond charge.
The ground state of the string has negative mass squared thus, is a tachyon. It turns out that
the introduction of supersymmetry i.e. fermionic degrees of freedom gets rid of the tachyonic
states and the massless excitations are the expected states of the string at low energies.
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Turning back to the condition pM = p˜M it implies, at first sight, that no winding for the
closed string is permitted. However, in the case that the ambient spacetime includes a compact
extra dimension then this condition does not hold and the closed string can wind around the
compactified dimension. Asuming that an extra dimension is compactified on a circle of radius
R then XM(τ, σ + 2πR) = XM(τ, σ) + 2πRm where the m is the winding number. If X25 is
the compactified dimension then the momentum of the solution (7.27) for the X25 changes like
p25 → p25 +mR/α′. In addition to the winding contribution the momentum the compactified
X25 dimension imposes a quantization of the momentum p25 = n/R. Then the string mass
spectrum (7.33) is modified to
M2 =
1
α′
[
2(N + N˜)− 4 + n2 α
′
R2
+m2
ρ2
α′
]
(7.38)
where N − N˜ = nm the difference between the number operators that are associated with the
barred and un-barred operators [154]. The n2/R2 term corresponds to the Kaluza-Klein modes
and the m2R2 comes from the winding sectors. The mass spectrum (7.38) is invariant under
the transformation
R←→ α′/R, m←→ n (7.39)
which the T-duality for the closed string. This transformations exchanges the Kaluza-Klein
modes with the winding modes and hence, the light modes of one theory become the heavy
modes of the other theory. T-duality exchanges large and small radius compact manifolds. The
special radius R∗ =
√
α′ is the unique radius that is mapped to itself under the transformation
(7.39). The duality implies that each radius smaller than R∗ is equivalent to some radius
larger than R∗. In this sense R∗ represents the minimal radius that can be attained in toroidal
compactification. The compactification radius R is a parameter of a spacetime (allowed in
string theory) which is often called moduli. Hence, T-duality tells us that the moduli space of
compactifications into a circle can be taken to include only radii larger than or equal to R∗.
7.2.2 The Open String
For an open string there are two possible boundary conditions
Dirichlet, XM = constant or Neumann,
∂XM
∂σ
= 0. (7.40)
For the case of Neumann boundary conditions one finds that pM = p¯M , i.e. the open string
cannot wind around itself, and αMk = α¯
M
k , i.e. the modes are the same for left and right moving
waves. Physically this means that for an open string with free endpoints the modes combine
to form standing waves on the string. Thus the solution for this case reads
XM(τ, σ) = xM + ℓ2sp
Mτ + i
ℓs√
2
∑
n 6=0
αMn
n
cos(nσ). (7.41)
For the case of open string with fixed endpoints, i.e. Dirichlet boundary conditions, it is
straightforward to write down the solutions, however we omit them here. The reader can found
them in standard string textbooks, Zwiebach’s for example [154].
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For the open string in light-cone coordinates the mass shell conditions reads
M2 =
1
α′
(
N − D − 2
24
)
(7.42)
and the ground state has mass squared
M2 |0, k〉 = − 1
α′
D − 2
24
|0, k〉 . (7.43)
The first excited state
M2αI−1 |0, k〉 = −
1
α′
(
1− D − 2
24
)
αI−1 |0, k〉 (7.44)
where I = 1, ..., D−2 spatial index of the transverse degrees of freedom and the fields αI−1 |0, k〉
form a vector representation of the transverse group SO(D − 2). For the critical dimension
D = 26 the ground state is tachyonic and the vectorial first excitation is massless.
7.2.3 String Phenomenology
String theory/M-theory is believed to describe the fundamental elements of our universe in
a unified fashion. Being a theory of the smallest possible scales it is currently impossible to
be directly confronted with the experiment, to be ”observed”. However, string theory may
have some low energy implications with interesting phenomenological aspects that have been
pursued by string theorists. Also, phenomenology is the ruler that shapes every stringy model
of particle physics.
Firstly, our world is four-dimensional a fact that does not automatically emerge from the
basic conjecture of string/M-theory. Hence, one imposes the topological criterion that the
ten-dimensional space is of the form R4 ×M6, where M6 is some compact manifold or some
abstract conformal field theory. All other solutions have to be excluded or relegated to the
regime of the gedanken. Secondly, the supersymmetry of our world, if present, it must be
N ≤ 1. This excludes some compactification schemes as the toroidal which yields 16 or 32
supersymmetries in four dimensions which cannot yield the chiral structure of the observed
world. This entails that only internal manifolds such as Calabi-Yau (CY) plus their orbifold
limits have to be considered. A Calabi-Yau manifold is a complex Ka¨hler manifold with a metric
of SU(3) holonomy i.e. manifold of complex dimensions 3. Such solutions are characterized
by a number of parameters, the h1,2 complex structure and the h1,1 Ka¨hler structures of the
manifold. Moreover, supersymmetry must be broken with mass splitting of order 10−15MP .
Thirdly, string theory includes by construction the dilaton and moduli fields that have to be
massive given the observational and experimental fact that massless gravitationally interacting
fields are excluded since they affect the Newtonian gravity at large scales. The moduli fields
appear as massless four dimensional chiral superfields in the low energy four dimensional action
that is supposed to describe the real world at scales below the string scale. Hence, a potential
must be generated with the moduli and the dilaton fields. Fourthly, the cosmological constant
has to be small and, if not zero, positive of the order of 10−120MP . The natural scale of string
theory is M ∼ MP and this implies a fine tuning which, although severe, seems to be possible
in some spesific stringy set ups. Finally, the string theory has, as an ultimate goal, to yield
three generations of chiral fermions and the Standard Model gauge group.
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7.2.4 The Dilaton and the Moduli fields
In the following, we will concentrate on the moduli fields, whose values determine the low
energy physics and they are the most phenomenological relevant ingredients of string theories.
The scalar degree of freedom of the closed string quantum states is the dilaton field. Its vacuum
expectation value determines the string coupling
gs =
〈
eφ
〉
(7.45)
which appears in all the stringy diagrams and hence, in the action. In the case of the weakly
coupled heterotic string the 10-dimensional effective supergravity action in the string frame
includes terms at the closed string tree level
SH = −
∫
d10x
(2π)7
√−g e−2φ
[
1
(α′)4
(
R(10) + 4∂µφ∂µφ
)
+
1
(α′)3
1
4
TrF 2 + ...
]
(7.46)
where α′ = M−2H the heterotic string scale. Actually, focusing on the gravity plus dilaton sector
of the theory all the low energy effective actions for the different perturbative string theories
reduce to the same form as (7.46) (from de alwis,Br, Novak). After the compactification on a
6-dimensional manifold of volume V6 the action is recast [19]
SH = −
∫
d4x
(2π)7
√−g
(
V6
(α′)4
e−2φR(4) +
V6
(α′)3
e−2φ
1
4
TrF 2 + ...
)
(7.47)
with Mc ≡ V −1/66 the compactification scale. The above action shows that the string scale is
of the order of the Planck mass.
Apart from the scalar dilaton field which fixes the string coupling the compactification of the
extra dimensions entail the presence of further scalars, the scalar moduli fields that determine
with their vevs the radii and shape of the compact manifold. The vacuum expectation values
of the dilaton and the moduli fields are given in terms of the only fundamental scale, the string
scale.
The ten dimensional low-energy effective action is reduced to a four dimensional action
using the ansatz
ds10 = eau(x
µ)g(4)µν dx
µdxν + ebu(x
µ)g
(6)
kl dy
kdyl (7.48)
where m,n go over the dimensions of the internal space and µ, ν over the physical space. The u
modulus field is the degree of freedom associated with the overall size of the compact manifold.
This can be seen by writing the compact space part of the metric as
gkl(x, y) = e
2u(x)g
(0)
kl , k, l = 4, ..., 9 (7.49)
and the 6-dimensional compact manifold reads
V6 =
∫
d6y
√−g = M−6s
〈
e6u
〉
. (7.50)
The compact manifold can be taken to be a Calabi-Yau 3-fold and we assume here, for simplicity,
that has one Ka¨hler modulus but may have an arbitrary number of complex structure moduli.
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The Ms is the string scale which in the string frame is the funadamental mass scale and the
〈e2u〉 measures R2 of the compact space in string units. This last is the reason that the eu
is called the breathing mode of the compact manifold. For the case of the weakly coupled
heterotic string the 4-dimensional action (7.47) takes the form
SH =
∫
d4x
(2π)7
√
−g(4) e−2φ+6u
[
M2s
(−R(4) + 12Dµ∂µu+ 42∂µu∂µu− 4∂µu∂µφ)− 1
4
TrF µνFµν
]
.
(7.51)
Defining the real scalar fields
s =
1
(2π)7
e−2φ+6u, t =
1
(2π)7
e2u (7.52)
and after integration by parts the action (7.51) is recast in the more transparent form
SH =
∫
d4x
√
−g(4) s
[
M2s
(
−R(4) + 3
2
∂µt∂µt
t2
− ∂
µs∂µs
s2
)
− 1
4
TrF µνFµν
]
. (7.53)
From (7.53) we read the gauge coupling and the Planck mass respectively
1
g2
= 〈s〉 and M2P = 2 〈s〉M2s . (7.54)
Switching from the string frame to Einstein frame by performing a Weyl transformation on the
four dimensional metric the kinetic term of the s field has the standard positive sign
SH =
∫
d4x
√−g
[
−1
2
M2P R +
3
4
∂µt∂µt
t2
+
1
4
∂µs∂µs
s2
− 1
4
sTrF µνFµν
]
. (7.55)
In superstring theories these scalars have to be part of a supermultiplet. The string dilaton
field φ is paired up with the antisymmetric tensor bµν , where µ, ν are four-dimensional indices.
Together with the Majorana fermion, the dilatino, they form new kind of supermultiplet, the
real linear supermultiplet L. The radii moduli, i.e the Ka¨hler moduli, are related to the antisym-
metric tensor bkl, where k, l are six-dimensional compact indices. The fact that the imaginary
part of the Ka¨hler moduli has only derivative interactions like (it has a Peccei-Quinn symmetry
just like the axion) and that the dilaton φ is a component of a real linear superfield implies that
the superpotential cannot depend directly on the Ka¨hler moduli and the dilaton fields. Now,
the fields s and t of (7.52) appear to be the real parts of the complex scalar fields of the chiral
supermultiplets S and T where
S =
1
(2π)7
e−2φ+6u + iα, T =
1
(2π)7
e2u − i
√
2β(h1,1) (7.56)
the complex scalars. From the classical action and the properties of the compactified manifold
the S and T superfields have a Ka¨hler potential
K(S, T ) = − ln(S + S†)− 3 ln(T + T †). (7.57)
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7.3 Stabilization Schemes for the Moduli fields
Apparently, from (7.55) the dilaton and moduli fields appear to be massless at 4-dimensions. A
moduli potential can be generated in many different ways. The earliest solution was to consider
gaugino condensation in a gauge group [46, 55, 44]. Typically this yields a runaway potential
for the moduli, hence the theory prefers to go to the zero coupling and decompactification limit
[56]. But, if there is a direct product of gauge groups then one has the possibility of developing
a critical point in the so called ”race-track” models [117, 43]. Such a product of different gauge
groups can be obtained by turning on discrete Wilson lines in the internal manifold. Similar
effects can be obtained by considering brane instanton effects [152]. In addition contributions
to the potential can be generated by turning on fluxes in internal compact directions [55].
However, the minima are supersymmetric with a string scale negative cosmological constant.
In supergravity theories it is possible to obtain a zero or tiny cosmological constant by fine
tuning. In string theory there was no obvious mechanism that would allow for this fine tuning
which is rather severe: 120 orders of magnitude smaller than the string scale. In the work of [22]
it was shown that such a fine tuning is possible in spite of the quantization of the parameters
(fluxes) in terms of the sring scale. Another point is that the moduli have to be stabilized
at weak or intermediate coupling region in order the stabilization result to be reliable. This
was actually the main argument rejecting one of the first models [55] proposed for the dilaton
stabilization based on the observation of the quantized fluxes.
The problem of finding minima with zero or positive cosmological constant is related to
a ”no-go” theorem which guarantees that such solutions cannot be obtained in string or M
theory by using only the lowest order terms in the 10D or 11D supergravity action [123].
However, corrections in the leading order Lagrangian in the gs or α
′ expansion or the inclusion
of extended objects as branes can invalidate the ”no-go” theorem for warped backgrounds [83].
Moreover it was shown, at [83], in the context of type IIB string theory compactified on a
Calabi-Yau manifold, that all the complex structure moduli and the dilaton can be stabilized
by an appropriate choice of fluxes apart from the Ka¨hler moduli of the compactification. The
resulting 4D models are of the no scale type. In the work of Kachru, Kallosh, Linde and Trivedi
(KKLT) [106] a model where the Ka¨hler modulus, i.e. the volume modulus, (which is assumed
to be the only one) can be also stabilized with susy broken in a Minkowski or de Sitter vacuum
was proposed.
The KKLT starts with a classical N = 1 supergravity potential which can be obtained by
considering 10D low energy type IIB theory compactified on a Calabi-Yau orientifold with D3
and D7 branes. This model is essentially a limit of F -theory construction. Hence, the starting
point is the effective action in the string frame
SIIB = 1
2κ210
∫
d10x
√−gs
[
e2φ (Rs + 4∂
µφ∂µφ)− 1
2
F 2(1) −
1
2 · 3!G(3)G¯(3) −
1
4 · 5! F˜
2
(5)
]
+ ...
(7.58)
where gs the string metric and Rs the string scalar curvature. The G(3) = F(3) − τH(3) is the
combined three flux and F˜(5) = F(5) − 12C(2) ∧ H(3) + 12B(2) ∧ F(3). The τ = C(0) + ie−φ is the
IIB complex axion dilaton field. In this subsection we follow the notation of the original works
[83] and [106] i.e. the dilaton field and the volume moduli that appear in the four-dimensional
actions are denoted by ”τ” instead of ”S” and by ”ρ” instead of ”T”. The compactification
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to be considered arises from F -theory so it is particular useful to reformulate the action in an
SL(2, Z) invariant form by defining the Einstein metric gMN = e
−φ/2gsMN . Then the action
reads
SIIB = 1
2κ210
∫
d10x
√−g
[
R− ∂Mτ∂
M τ¯
2(Imτ)2
− G(3) · G¯(3)
12 Imτ
− 1
4 · 5!F˜
2
(5)
]
+ ... (7.59)
The warped metric maintaining four dimensional Poincare´ symmetry is parametrized as
ds210 = e
2A(y)−6u(x)g˜(4)µν dx
µdxν + e−2A(y)+2u(x)g˜(6)kl dy
kdyl (7.60)
in terms of four dimensional coordinates xµ and coordinates yµ on the compact manifold M6.
The eA(y) is a warp factor which effectively changes the scale of four dimensional physics at
different poins in the internal manifold. In the approximation of large-radius limit, which
implies an approximately constant warp factor eA ≃ 1 and vanishing F˜5, the effective four-
dimensional action for the dilaton and the volume modulus reads
S = 1
2κ24
∫
d4x
√−g4
(
R4 − 2 ∂µτ∂
µτ¯
|τ − τ¯ |2 − 6
∂µρ∂
µρ¯
|ρ− ρ¯|2
)
(7.61)
where ρ = ie4u−φ + b/
√
2 a four dimensional superfield, the single volume modulus (the Ka¨hler
modulus).
7.3.1 Stabilizing the Dilaton and the Complex Structure Moduli
The kinetic terms for the τ and ρ fields can be found from the Ka¨hler potential, that results
by the dimensional reducing of the 10D action. Including also the complex structure moduli
zα (coordinates on the complex structure moduli space) it reads
K(ρ, τ, zα) = −3 ln[−i(ρ − ρ¯)]− ln[−i(τ − τ¯)]− ln
(
−i
∫
M
Ω ∧ Ω¯
)
. (7.62)
The last term gives the K = K(zα, z¯α) dependence and the Ω is the holomorphic three-form
on the Calabi-Yau manifold M . Before turning on fluxes the Ka¨hler and complex structure
moduli, τ and zα respectively, correspond to massless scalar fields (for orientifold models, the
dilaton field τ is massless, whereas in general F -theory models it is fixed in terms of the complex
structure moduli). The fluxes generate a superpotential which takes the form [90]
W =
∫
M
Ω ∧G3, (7.63)
which fixes the vevs of the dilaton and the complex structure moduli. However, the (7.63) is
independent of the volume modulus ρ.
The N = 1 supergravity potential reads
Vsugra =
1
2κ210
eK
(
Gab¯DaWDbW − 3|W |2
)
(7.64)
where DaW = ∂aW +W∂aK and Gab¯ = ∂a∂b¯K. The ρ field cancels out of the scalar potential.
This is expected since the ρ does not appear in (7.63) because the potential (7.64) is of no-scale
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type for the volume modulus. Hence, the |DρW |2 cancels the negative term at (7.64) leaving a
non-negative potential:
Vsugra =
1
2κ210
eK
(
Gij¯DiWDjW
)
(7.65)
with i, j labeling indices excluding ρ. When DaW = 0 the potential vanishes. This condition is
independent of ρ. Generically at these solutions W 6= 0 so Dρ = −3W/(ρ− ρ¯) is nonzero and
supersymmetry is broken. When DjW = 0 means that the dilaton and the complex structure
moduli fields are stabilized at supersymmetric minima with a mass
m ∼ α
′
R3
(7.66)
where R is the radius of the manifold. The R is undetermined since Imρ scales like R4 ((Imρ)3 ∝
V 2CY ∼ R12). By tuning flux quanta, it is possible to fix gs at small values (by fixing the vev of
the dilaton), though not arbitrary small.
7.3.2 Stabilizing the Volume Modulus - the KKLT proposal
The ρ field is a flat direction i.e. not stabilized. The degeneracy in the ρ flat-direction can
be lifted once corrections to the no-scale models are included. One of the source that lifts the
degeneracy comes from Euclidean D3-branes in type IIB compactifications [152]. These are
instantons which at large volume yield a new term to the superpotential
Wins = T (zα)e
2πiρ. (7.67)
T (zα) is a complex structure dependent one-loop determinant. Since the zα and the dilaton are
fixed by the fluxes they can be integrated out at lower energies. The exponential dependence
comes from the action of the Euclidean D3-brane wrapping a four cycle in the manifold M .
Another source of corrections to the no-scale model (7.62), (7.63) comes from non-abelian
gauge groups which may arise from stacks of D7-branes wrapping four-cycles in the manifold.
Considering a stack of Nc coincident branes results in Yang-Mills theory with a 4-dimensional
coupling 8π2/g2YM = 2πR
4/gs = 2πImρ. The low energy theory is a N = 1 supersymmetric
SU(Nc) gauge theory and undergoes gluino condensation which results in a non-perturbative
superpotential
Wgauge = Λ
3
Nc = Ae
2πiρ/Nc . (7.68)
The ΛNc is the dynamically generated scale, where the gauge coupling explodes, and the coef-
ficient A determined by the energy scale below which the SQCD theory is valid.
Therefore, given that the heavy (7.66) complex structure moduli and the dilaton fields are
intergated out the low energy theory includes the classically (without the corrections) massless
volume-modulus with tree-level Ka¨hler
K = −3 ln [−i(ρ− ρ¯)] (7.69)
and the corrected superpotential
W = W0 + Ae
iaρ. (7.70)
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W0 is a tree level contribution which arises from the fluxes and the exponential is the quantum
correction to the no-scale potential for ρ. Corrections to the Ka¨hler potential can be neglected
in the case that the volume modulus is stabilized at values which are parametrically large
compared to the string scale.
The potential of the above theory for the volume modulus is given by V = eK(Gρρ¯DρWDρW−
3|W |2). It has a supersymmetric vacuum at DρW = 0. At the [106] they considered ρ = iσ
and took the A, a to be real and the W0 to be real and negative . Then the supersymmetric
minimum lies at σc given by
W0 = −Aeaσc(1 + 2
3
aσc). (7.71)
The σc ≫ 1 and this is possible by tuning the fluxes and arranging by this way the W0 ≪ 1.
Otherwise, generically, if fluxes break supersymmetry the expectation is W0 ∼ O(1) and the
stabilization of the volume modulus at a calculable regime will not be possible. An illustrative
example considered is one with parameters W0 = −10−4, A = 1 and a = 0.1. This results
in a minimum at σc ≃ 113. Writing the Planck mass explicitly the values tranlate to W0 =
−10−4M3P , A = M3P and a = 0.1M−1P and the minimum lies at σc ≃ 113MP .
The above paradigm, [106], exhibits a stabilization of the volume modulus using superpo-
tential with one exponential utilizing the effect of a tunable constant W0. Another possibility
to get a minimum at large volume is to consider a racetrack model [117]. In this case the
fluxes preserve supersymmetry, the superpotential involves multiple exponential terms and the
desired value of the volume modulus is obtained by tuning the ranks of the gauge groups.
Going back at the supersymmetric σc minimum (7.71), it is easily seen that it has negative
potential energy equal to
VAdS = (−3eKW 2)AdS = −a
2A2e−2aσc
6σc
. (7.72)
In order to satisfy the observational constraint of zero or slightly positive cosmplogical constant,
the KKLT proposed to add the contribution of a D¯3 brane to the four dimensional effective
action. The anti-D brane gives a positive contribution to the potential
δV =
D
σ3
(7.73)
where D is positive and proportional to the D¯3 tension. The full potential then reads
V =
aAe−aσ
2σ2
(
1
3
σaAe−aσ +W0 + Ae−aσ
)
+
D
σ3
. (7.74)
Tuning properly the last term results in an uplifting of the potential to a de-Sitter or even
Minkowski vacuum. This vacuum is metastable with a barrier protecting it from the runaway
towards the decompactification. However, the (7.73) term breaks supersymmetry explicitly since
the potential (7.74) is not derived by a four dimensional SUGRA theory [23].
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Figure 7.1: At the left panel is the KKLT potential for the overall volume modulus stabilized at the
AdS vacuum for values of the parameters W0 = −10−4, A = 1, a = 0.1. This results in a minimum
at σc ≃ 113 which ensures that the calculation is under control. At the right panel the vacuum is
uplifted to a de-Sitter via the introduction of anti-D branes according to the KKLT proposal. The
uplifting parameter has a value D = 3× 10−19, following [106].
7.4 Stabilization and Dynamical Supersymmetry Break-
ing
A minimal example that does not require an antibrane to source the uplifting of the volume
modulus is given by [141]. This is achieved by observing that non-zero local minima of the no-
scale potential in the complex structure and the dilaton directions in moduli space can uplift
the volume modulus in the same way as does the antibrane of the KKLT construction. This
alternative uplifting retains the supersymmetric Lagrangian because it uses the F -terms of the
fixed by fluxes fields.
The uplifting using a generic F -type supersymmetry breaking from a matter sector seems
to be the most promising mechanism for the remaining volume modulus ρ. It was shown in
[23], [88] that if the low energy theory contains a single modulus field then it is hard this field
to break supersymmetry in a Minkowski vacuum unless more than one moduli fields remain
unfixed (by fluxes) in the low energy. The Ka¨hler potential and superpotential governing the
dynamics of the moduli fields has the general structure
K = −
n∑
a=1
na ln(Φa + Φ
†
α) + ... (7.75)
W = W (Φ1, ..,Φn). (7.76)
Assuming that for these fields there is a stationary point then this point is stable when the
eigenvalues of the mass matrix (Hessian) are all positive. This is possible only when
n∑
a=1
na > 3. (7.77)
The above condition is necessary for the stability of the vacuum. The result (7.77) explains
why the racetrack models with one modulus that have been discussed in the literature from
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the middle ’90s have failed to produce a model for stabilizing moduli with zero or positive
cosmological constant. This is also why a supersymmety breaking dominated by the dilaton
cannot be realized in a controlable way.
In the case of the volume modulus ρ, that has nρ = 3 (7.62), it violates only marginally
the necessary condition when considered on its own. In this case subleading corrections to
the Ka¨hler potenials are crucial, since even a slight change in the curvature can stabilize it.
Nevertheless, in the absence of corrections and an extra uplifting sector, the remaining volume
modulus can be stabilized only in an anti de-Sitter minimum. If there are two light moduli
then there are examples where stabilization can be achieved in regions where string perturbation
theory is under control.
When the Ka¨hler potential can be approximated by the canonical form then the stability
condition that constrains the Ka¨hler curvature is fulfilled. In principle it should be possible
to realize the idea of uplifting assuming a supersymmetry breaking sector dominated by chiral
superfields with approximatelly canonical Ka¨hler with negligible mixing between the fields.
Hence, the effective theory that can stabilize the volume modulus at a Minkowski vacuum
should be
K = Kρ +Kup and W =Wρ +Wup. (7.78)
Due to gravitational effects the two sectors will unavoidable interact and influence its other.
However, it is possible the uplifting sector to have a mild effect on the supersymmetric sector,
thereby providing the uplifting without destabilizing the fields. The supersymetry breaking can
be realized either by D-terms [28, 95, 71, 146, 5, 92] or F -terms [141, 88, 119, 72, 102] in the
matter sector. The former case generically leads to very heavy gravitino mass. The later can
naturally produce the appropriate intermediate energy scale and uplift the volume modulus to
a Minkowski vacuum with a TeV range gravitino mass. Also, the fact that the D-term breaking
cannot exist without an amount of F -term makes the F -term uplifting from a matter sector
for the volume modulus preferable.
7.5 Stabilization of the VolumeModulus at a Minkowski
Supersymmetric Vacuum
Although it is not possible to stabilize the remaining volume modulus into a Minkowski super-
symmetry breaking minimum, the stabilization can be realized when one asks for Minkowski
vacuum that preserves supersymmetry. Keeping the Ka¨hler potential (7.62) of the KKLT model
but assuming a racetrack superpotential
W = W0 + Ae
iaρ +Beibρ (7.79)
a potential with two supersymmetric vacua, one Minkowski and one anti de Sitter can be found
[103]. The W0 is again a tree level contribution that arises from fluxes and the exponentials,
that amount to corrections to the no-scale structure of the model, arise either from Euclidean
D3 branes or from gaugino condensation on D7 branes. A supersymmetric Minkowski vacuum
lies at
W (σc) = 0, DW (σc) = 0 (7.80)
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which has an acceptable lifetime. As in KKLT, the real part of the volume modulus ρ (or the
imaginary part of the ̺ = iρ ) is set to zero and ρ = iσ. In the supersymmetric Minkowski
vacuum the gravitino mass vanishes. Hence, in this model the uplifting via e.g. F -terms is not
required. This has important implications since the amount of the uplifting is tightly related
to the scale of supersymmetry breaking, i.e. the m3/2, as explained before. Here, the high of
the barrier that seperates the Minkowski vacuum from the second supersymmetric AdS can be
arbitrary high with respect to the m3/2.
Another advantage of this model is that it can accommodate high scale inflation. In stringy
inspired models the inflaton potential induces an extra term at the volume modulus direction,
an uplifting term
V inftot ≈ V (σ) +
V (I)
σ3
(7.81)
where I the inflaton field. Such a kind of inflation can be achieved by considering dynamics of
branes in the compactified space. In the KKLT case, the uplifting due to the inflaton potential
can be acceptable as long as the volume modulus is not destabilized and thus, the internal
space not decompactified. This entails the constraint for the Hubble parameter
H2 ≈ VB/3 ∼ |VAdS|/3 ∼ m3/2. (7.82)
The runaway σ−n dependence (7.81) of the energy densiy in string theory is quite generic and
the σ−3 appears explicitly in the D-term contribution to the vacuum energy like in D3/D7
inflation [45]. In principle it might be possible to design inflationary models where the inflaton
potential depends on σ and I in different way e.g. due to non-perturbative effects involving
both fields. This could prevent vacuum destabilization at large enrgy density. However, no
examples of such models are known.
7.6 Gauge Mediated O’Raifeartaigh Supersymmetry Break-
ing as the Uplifting Sector for the Volume Modulus
As explained above, a successful stabilization scheme for the remaining in the low energy theory
volume modulus is the following: the volume modulus is stabilized via corrections to the no-
scale structure at an anti de-Sitter supersymmetric vacuum and uplifted via F -terms originating
from a sector that contains matter fields and breaks supersymmetry spontaneously. Looking
also for a scheme that mediates the supersymmetry breaking through gauge interactions, hence
a supersymmetry breaking scale m3/2 < O(TeV), then the F -term uplifting is the profound
choice contrary to the D-terms that generally give large m3/2.
The first step is to combine the theory describing the ”stringy relic” volume modulus and
the one describing the matter sector. Following [119] we assume a Ka¨hler potential of the form
K = −3 ln(̺+ ¯̺) + |X|2 (7.83)
where ̺ = iρ the volume modulus and X the gauge singlet matter field that parameterize the
supersymmetry breaking in the hidden matter sector. The ”modular weight” of the field X is
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considered to be zero. Systems of this type arise in type IIB and heterotic string theory, [151].
The effective superpotential is assumed to have the generic form
W =
∑
i
ωi(X)e
−a̺ + f(X) (7.84)
where the sums run over the gaugino condensates. The functions ωi(X) and f(X) can arise
due to perurbative and non-perturbative interactions in the process of integrating out heavy
fields. Once the supergravity potential (2.65) is computed the stationary points can be found
and checked whether they are stable or not. The (7.83) suggests that stable stationary points
can be expected. We are interested in a gauge mediation scheme thus, a matter dominated
supersymmetry breaking and for the F -terms holds F̺ ≪ FX which corresponds to large W̺̺.
The eigenvalues of the mass matrix are positive when roughly (̺+¯̺)W̺̺ ≫ (̺+¯̺)W̺X ,WX and
W̺̺ ≫ |W0|2, where W0 the constant term of the (7.84). These conditions generally hold when
the modulus is heavy compared to the gravitino which is the case for the gravity mediation and
therefore for the gauge mediation as well. The limit F̺ ≪ FX corresponds to large W̺̺ and
the stationary point is stable. This result agrees completely with the conclusions of the section
7.4: since the volume modulus is not accounted for the breakdown of supersymmetry it can be
safely stabilized. The stationary point ∂V/∂̺ implies
W̺̺F̺ + smaller terms = 0 (7.85)
hence, the volume modulus is stabilized close to the supersymmetric point. It can be said
that the supersymmetric sector, including the moduli fields, is appropriately shielded from the
matter supersymmetry breaking sector and therefore, the matter sector justifies its name as
the uplifting one.
These results suggest that the Kitano model (4.78), (4.79)
W = FX − λXφφ¯+ c, K = X¯X − (X¯X)
2
Λ2
(7.86)
can be safely used as the uplifting sector for the volume modulus potential. Here, the X¯ denotes
X†. We recall that the constant c was introduced in order to tune the value of the potential
at minimum, i.e. the cosmological constant, to zero. Since the positive contribution of the
F -term of (7.86) is wanted for the uplifting we suspect that the constant c is not necessary.
From another point of view, the constant c can be interpreted as the ’downlifting’ contribution
coming from the AdS vacuum of the volume modulus. Therefore, we consider the coupled
system
W = W0 + Ae
−a̺ + FX K = −3 ln(̺+ ¯̺) + X¯X − (X¯X)
2
Λ2
(7.87)
that is of the form (7.78). At the (7.87) the messenger dependent part of the superpotential
has been ommited since it is irrelevant for the uplifting discussion. The two sectors do not
mix and the stability conditions are satisfied. The no mixing assumption is justified since the
Kitano model is expected to originate from an intermediate energy SQCD theory like the ISS
model. Such theories can be effectively described by the prototype O’Raifeartaigh model which
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at energies below the scale Λ reduces to the simple W = FX form (see chapter 4). The total
potential of the (7.87) reads
VK-KKLT =
eX¯X−
(X¯X)2
Λ2
(ρ+ ρ¯)3
{(
1 + 4
X¯X
Λ2
)[
F 2 +
(
FXW0 + F
2X¯X + FXAe−a̺ − 2FW0 X¯X
2
Λ2
+
−2FAe−a̺ X¯X
2
Λ2
− 2F 2 (X¯X)
2
Λ2
+ h.c.
)
+
(
X¯X − 4(X¯X)
2
Λ2
+ 4
(X¯X)3
Λ4
)(
W 20 +W0(FX+
Ae−a̺ + h.c.) + F 2X¯X + (FXAe−a̺ + h.c.) + A2ea(̺+¯̺)
)]
+
(̺+ ¯̺)a2
3
A2ea(̺+¯̺)+
+
[
(̺+ ¯̺)(W0 + Ae
−a̺ + FX)Aae−a̺ + h.c.
]}
. (7.88)
The above expression for the potential is not much illuminating. It can be decomposed and
represented in a compact and more clear form as
VK-KKLT = VKKLT(̺, ¯̺) +
VK(X, X¯)
(̺+ ¯̺)3
+ Vmix(X, X¯, ̺, ¯̺). (7.89)
The first term at (7.89) is the KKLT potential (7.74) without the unnecessary uplifitng explicit
susy breaking term and the second term comes from the V ⊃ eKVK which is of the standard
uplifting form for the Ka¨hler moduli. The VK = VK(X¯,X) stands for the Kitano potential
without messengers and the constant term c. It is of the form
VK = e
X¯X− (X¯X)2
Λ2
(
1 + 4
X¯X
Λ2
){
F 2 +
(
F 2X¯X − 2F 2 (X¯X)
2
Λ2
+ h.c.
)
+
+
(
X¯X − 4(X¯X)
2
Λ2
+ 4
(X¯X)3
Λ4
)
F 2X¯X
}
(7.90)
and keeping only the dominant terms it can be approximated by
VK ≃ F 2 + 4F
2
Λ2
X¯X +O ((X¯X)2) . (7.91)
Obviously the VK seperately yields a minimum at the origin X = 0 and mass for the spurion
mX = 2F/Λ. The last term at (7.89) contains the mixing terms. The main importance of the
mixing terms is that provide a linear to X term that shifts the minimum away from the the
origin. They read
Vmix = e
K
{
KXX¯
[(
FXW0 + FXAe
−a̺ +O( X¯X2 )+h.c) + X¯X (W 20 + A2e−a(¯̺+̺))]+
+K̺ ¯̺
(
3
̺+ ¯̺
FX aAe−a̺ + h.c.
)}
(7.92)
where we kept for clarity the Ka¨hler potential K explicitly. The quadratic in |X| terms are
negligible with respect to the dominant quadratic term (7.91) and hence the X-mass is to a
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good approximation the 2F/Λ. The field responsible for the breakdown of supersymmetry is
the X field:
D̺W = Ae
−a̺
(
̺+ ¯̺
3
a+ 1
)
+W0 + FX (7.93)
DXW = F +
(
X¯ − X
2X¯
Λ2
)
(W0 + e
−a̺ + FX) (7.94)
At the (̺,X) = (̺c, 0) the supersymmetry breaks due to the X field F -term. The real values
̺c = σc + iαc = σc and X = 0 are the minima when the KKLT and the Kitano models are
calculated separately. The imaginary parts of the fields vanish even when the coupled system is
considered. Once we assume the cancellation of the cosmological constant there will be a slight
shift of the values. This can be demonstrated by approximating the potential at the volume
modulus direction by the quadratic piece of the Taylor expansion and including the dominant
uplifting contribution:
VK-KLLT ≃ 1
2
Vσσ(σ − σc)2 + F
2
(2σ)3
(7.95)
This expression is more illuminating when it is written in terms of the modulus massmσ. Due to
the non-canonical form of the Ka¨hler potential the kinetic term of the ̺ fields is canonically nor-
malized after the rescaling ̺→ (〈̺+ ¯̺〉 /√3)̺; in the present case it reads σ → (2σmin/
√
3)σ.
The σmin is the actual minimum of the coupled system. Hence, at the scalar potential, there is
aslo the rescaling G̺ → (〈̺+ ¯̺〉 /
√
3)G̺ or Gσ → (2σmin/
√
3)σ. Then the (7.95) reads
VK-KKLT ≃ 1
2
Kσσm
2
σ(σ − σc)2 +
F 2
(2σ)3
(7.96)
where the Kσσ = 3/(2σmin)
2 and
mσ = m̺ = e
G/2G̺ ¯̺G̺̺. (7.97)
From (7.96) we see that the σ-direction minimum will be shifted by δσ ≡ (σmin − σc) ∼
F 2/(m2σσ
2
min). This leads to a new F -term for the volume modulus F̺ ∼ δσ∂̺(D̺W ) ∼
F 2/(mσσ
5/2
min). However, the D̺W ≪ DXW at the actual minimum of the coupled system
will hold.
The stationary point at the X-direction, keeping only the leadind quadratic and linear to
X terms, is given by
∂VK-KKLT
∂X¯
= 0 ⇒ Xmin ≃ −Λ
2
4F
(
W0 + Ae
−a̺ + (̺+ ¯̺)aAe−a̺
)
≃ −Λ
2
4F
(
W0 + Ae
−aσc + 2σcaAe−aσc
)
(7.98)
At the minimum of the potential the cosmological constant must vanish. The vacuum expec-
tation value of the X-filed is Xmin ≪ 1 and the mixing terms are negligible. The value at the
minimum can be approximated by
VK-KKLT(σmin, Xmin) ≃ VKKLT(σc) + VK(X = 0)
(2σc)3
+ higher order terms. (7.99)
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From (7.72) we take the relation between the AdS depth of the KKLT volume modulus and
the magnitude of the F -term supersymmetry breaking:
− a
2A2e−2aσc
6σc
+
F 2
(2σc)2
= 0. (7.100)
The second condition is that D̺W ≪ DXW which for FXmin ≪ 1 is given to a good approx-
imation by (7.71) i.e. the KKLT limit. Combining the (7.71) with the (7.100) we take the
relation
F =
√
3
(
2
3
σcaAe
−aσc
)
=
√
3
(−W0 − Ae−aσc) = −√3WKKLT(σc). (7.101)
Given the above result, the value of the X minimum (7.92) takes the simple form
Xmin =
W0 + Ae
−aσc
2F
Λ2 = −
√
3
6
Λ2. (7.102)
This is exactly the minimum of the Kitano model apart from the minus sign that is trans-
formed away when FX → −FX at the superpotential (7.87).
This result has important implications for the Kitano-Polonyi model and, generally, for
every O’Raifeartaigh-like model of F -term supersymmetry breaking that include a constant
term c in the superpotential in order that the cosmological constant to cancel at the vacuum.
This constant c may originate from a sector that yields an AdS vacuum as the KKLT volume
modulus vacuum. This dyanamical interpretation of the constant term c is rather attractive.
In particular, here the constant c of (4.79) is the value of the KKLT superpotential at the
minimum
c = −W0 − Ae−aσc = −WKKLT(σc). (7.103)
The lesson of this uplifting mechanism is that the sclale of supersymmetry breaking is
connected with the expectation value of the superpotential and the high of the barrier that
prevents the volume modulus from the runaway:
F ∼ 〈WKKLT〉 , Vbarrier ∼ F
(2σc)3
(7.104)
This has a twofold implication. Firstly, the gravitino mass is suppressed relatively to the F -term
by the the expectaion value of the volume modulus cubed
− VAdS = −3eK |W |2 = −3m23/2 ≃
F 2
(2σmin)3
. (7.105)
Hence, due to the logarithmic non-minimal Ka¨hler potential the actual F -terms of the matter
superpotentials are (2σmin)
3/2 larger. However, once the modulus is integrated out the effective
F -term will be F → F/(2σmin)3/2 and the standard relation m3/2 = F/
√
3 holds.
Secondly, this imposes tight constraints on the inflationary model building rulling out all
the high-scale models that apparently destabilize the volume modulus. Moreover, as we will
present at the next chapter the high of the barrier also bounds the highest value of the reheating
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KKLT uplifted by Matter Superpotential
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Figure 7.2: At the left panel is the KKLT potential for the overall volume modulus uplifted by the
matter superpotential W = FX with K = |X|2 − |X|4/Λ2 responsible for a low scale supersymmetry
breaking. The value of the KKLT parameters are W0 = −10−14, A = 1, a = 0.2 and of the uplifting
sector F = 1.2× 10−14 and Λ = 10−3 tuned to yield a vanishing (of the order of O(F 2/(2σc)3) and a
light gravitino m3/2 ≃ 10−18 i.e. of the order of GeV. The volume modulus minimum lies at σmin ∼ 178
and the spurion at Xmin ≃
√
3Λ2/6. We note that the uplifting sector shifts the value of σmin−σc . 1.
At the right panel the 2-dimensional V (σ,X) potential multiplied by 1036 is depicted.
temperature experienced in the universe. The mass of the volume modulus is related to the
high of the barrier and therefore to the m3/2 mass at the class of uplifting models of this section.
In particular at the minimum of the potential
mσ = e
G/2G̺ ¯̺G̺̺ =
(
Vσσ
Kσσ
)1/2
≃ (a2σcW 20 )1/2 ≃ 2aσcm3/2 (7.106)
Thermal effects at high temperature are expected to wash out the m3/2-related curvature of
the modulus potential and hence, destabilize it. This is a reason to consider also the racetrack
models like the KL proposal. Althought, the original KL model yields a Minkowski vacuum an
appropriate AdS vacuum can be readily constructed and uplifted by matter superpotentials.
7.6.1 Uplifting Racetrack Potentials
The racetrack superpotential is characterized by two two exponents
W =W0 + Ae
−a̺ +Be−b̺ + FX (7.107)
and the same Ka¨hler
K = −3 ln(̺+ ¯̺) +XX¯ − (XX¯)
2
Λ2
. (7.108)
The volume modulus is well possible to be stabilized in a Minkowski vacuum. Then, no uplifting
is necessary. However, the positive contribution to the cosmological constant by the matter
superfields that break supersymmetry has be cancelled. Hence, the construction of an Anti-de
Sitter vacuum for the volume modulus is motivated in this case as well. But in the racetrack
141
Racetrack
Σ
V HΣL
60 80 100 120 140 160
1.´10-14
2.´10-14
3.´10-14
4.´10-14
5.´10-14
6.´10-14
Figure 7.3: A roughly Minkowski vacuum of the racetrack model. The precise value of minimum is
V ≃ −F 2/(2σc)3 ≃ 10−36 i.e. it is AdS and of course it is not visible since the high of the barrier is
10−14 in Planck units. The values of the parameters of the racetrack model are slightly different from
those of the original KKLT for both exponentials: A = 1, a = 2pi/100, b = 2pi/99, B = 1.03,W0 =
−2× 10−4.
constructions there is an advantage: the high of the barrier uncorrelated with the scale of
supersymmetry breaking. It can be arbitrary high. The price to pay is a second fine tuning
in order to have a vanishing cosmological constant. The first tuning is the construction of the
Minkowski vacuum. In other words, the tuning in this category of racetrack models is more
severe because the natural scale generated here, measured by the high of the barrier, is much
greater than gravitino mass m3/2 ∼ 1GeV− 1TeV. In the KKLT case, the scale of stabilization
was comparable to the m3/2.
Here, we ask for a slight AdS minimum for the modulus to substract the F 2 value of the
Kitano gravitational gauge mediation supersymmetry breaking minimum. According to the
section 7.4 the difference in the scales implies that the uplifting sector will cause negligible shift
in the vacuum expectation value for the ̺. The potential for the volume modulus reads
V =
e−2(a+b)σ
6σ2
(
bBeaσ + aAebσ
) [
Beaσ(3 + bσ) + ebσ (A(3 + aσ) + 3eaσW0)
]
(7.109)
and the slightly AdS minimum lies approximately at the value of the original Minkowski one:
σc =
1
a− b ln
∣∣∣∣aAbB
∣∣∣∣ . (7.110)
The departure from a precise Minkowski vacuum is achieved with a slight change in the pa-
rameters of the relation
−W0 = A
∣∣∣∣aAbB
∣∣∣∣
a
b−a
+B
∣∣∣∣aAbB
∣∣∣∣
b
b−a
. (7.111)
Hence, an extremely light gravitino but a large barrier seperating the AdS minimum from the
next one and from the Minkowski decompactification vacuum at infinity is possible.
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Chapter 8
Thermal Destabilization of the Volume
Modulus
In this chapter we briefly discuss cosmological issues when high reheating temperatures are
assumed in the early universe. The first is the destabilization of the volume modulus due
to thermal effects. We show that this potential problem does not rule out high reheating
temperatures and a standard cosmological evolution is possible. These results are going to be
presented in a forthcoming publication [41]1.
8.1 Thermal Effects on The Moduli Fields
One important aspect of the string theory is the roˆle of the moduli fields in the effective low
energy theory. Their values determine the geometry of the compactified space as well as the
gauge and Yukawa couplings. This last point, i.e. that the integrated out moduli fields are
hidden in the couplings of the observable fields, is the essence of this chapter. The interaction
of the light fields can affect the potential of the moduli and there is an energy threshold that
destabilization takes place towards vanishing coupling and decompactification of the internal
space. Highly energetic interactions T ≫ MEW may have occured at the thermalized early
universe. Hence, an upper bound on the highest temperatures realized in our universe has
to be applied in order to prevent the moduli from the destabilization. We call this highest
temperature as Tde where the index ”de” stands for destabilization.
8.1.1 Thermal Average Values
The four dimensional action for the zero modes of the real part of the volume modulus ̺
contains a coupling to the supersymmetric gauge kinetic term
∫
d2θW aWa. For instance
S4 =
∫
d4x
{
g2σ
MP
(
−1
4
F aµνF
aµν − iλaσµ(Dµλ¯)
)
− 1
2
mλ(λ
aλa + λ¯aλ¯a) + ...
}
(8.1)
1Some remarks have appeared at [39]
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where F a the field strength, λa the gaugino, mλ its soft mass and σ the real part of the volume
modulus ̺. At finite temperature the gauge kinetic term acquires an expectation value which
modifies the potential of the modulus. The energy-momentum tensor of the supersymmetric
field strength W a is given by
T µµ = −2β(g)
g
(
−1
4
F aµνF
aµν − iλaσµ(Dµλ¯)
)
(8.2)
where β(g) the β-function of the gauge coupling. The thermal average of the energy-momentum
tensor
〈T µµ〉 = ε− 3P (8.3)
where ε = −P +Ts and according to the chapter 5 the free energy is F = −P . The free energy
has been calculated in perturbation theory for a gauge theory with fermions in the fundamental
representation [105]. For a SU(N) supersymmetric QCD theory with N colours and Nf matter
multiplets in the fundamental representation (flavours) the free energy reads
F(g, T ) = −π
2T 4
24
[
α0 + α2g
2 +O(g3)] (8.4)
with g and T being the gauge couplings and the temperature respectively. The zeroth order
coefficient α0 = N
2 + 2NNf − 1 counts the number of degrees of freedom and the one-loop
coefficient is given by
α2 = − 3
8π2
(N2 − 1)(N + 3Nf ). (8.5)
Considering that Nf = 0 in the present case and for s = ∂P/∂T the thermal average of the
energy momentum tensor the (8.3) is given by
〈T µµ〉 =
〈
−1
4
F aµνF
aµν − iλaσµ(Dµλ¯)
〉
= −π
2
24
α2g
2T 4. (8.6)
This is a positive quantity and does not depend on the β-function. Because of the trace anomaly
of the energy momentum tensor [89, 135] one no longer has P = ε/3. Hence, according to the
action (8.1) there is a thermally induced term for the modulus. Considering small fluctuations
about the minimum of the potential the Lagrangian reads [24]
L = 1
2
(∂σ)2 −m2σ σ2 −
π2
24
α2g
2T 4
σ
MP
. (8.7)
where σ the real part of ̺. This linear term is a thermal effect on the volume modulus that
modifies the shape of the potential. In principle, it can lead to destabilization of the volume
modulus for small values the barrier, however the effect from the induced thermal masses is
not the dominant one. The dominant destabilizing effect comes from the minimization of the
free energy that drives the volume modulus to larger values.
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8.1.2 Thermal Effects on the Modulus Potential
At finite temperature the energy of a system in thermal equilibrium is described in terms of
the free energy. The free energy depends on the gauge couplings and subsequently the gauge
couplings are determined by the vacuum expectation value of the moduli. The dynamical
interpretaion of the coupling by string theory implies that the minimization of the free energy
takes place when the couplings vanish i.e. at the decompactification limit. This is expressed
by a linear negative term in the moduli effective potential at finite temperature. This result is,
at first sight, unexpected since the moduli fields are gravitationally interacting fields and their
interaction rate Γ ∼ m3/M2P always smaller than the expansion rate H .
For a supersymmetric SU(N) gauge theory with Nf matter multiplets in the fundamental
representation the free energy is given by (8.4). The crucial fact is that the α2 is negative (8.5).
Consequently, gauge interactions increase the free energy, at least in the weak coupling regime.
This means that the gauge coupling, being a dynamical quantity, is pushed towards smaller
values as temperature increases. It can be shown [25] that even when the coupling g = O(1) the
perturbation theory results are quantitatively consistent with numerical lattice QCD results.
For the case of KKLT stabilization the remaining single Ka¨hler modulus ̺ = σ + iα has a
superpotential and Ka¨hler given by (7.69) and (7.70) with ̺ = −iρ. The exponent in the super-
potential may originate either from D-brane instantons or gaugino condensation. In the later
case the exponent is given by the β-function of the corresponding gauge group: 4πα = 3/(2β).
A gauge field in the 4D effective theory may arises from D7 branes wrapping a 4-dimensional
cycle Σ in a Calabi-Yau manifold. Then the low energy gauge coupling is determined by the
volume of the cycle: g−2 ∝ Vol(Σ) which is the real part of the volume modules ̺ in the
IIB strings. Hence, an effective 4-dimensional Yang-Mills gauge coupling on the D7-branes is
related to σ as
σ =
4π
g2
. (8.8)
We consider a KKLT model uplifted by F -terms from matter (7.87). Hence,
W = FX + Ae−aσ +W0, K = −3 ln(2σ) + X¯X − (X¯X)
2
Λ2
(8.9)
At finite temperature the effective potential for the volume modulus reads
V T (σ) = VK-KKLT(σ) + F(g(σ), T ). (8.10)
As the temperature increases the local minimum of the uplifted KKLT becomes more and
more shallow until a critical temperature Tde where it disappears. At that temperature the
maximium of the potential, i.e. the peak of the barrier, and the local minimum merge into a
saddle point. The Tde can be defined by the two equations [25]
V ′(σde) + F ′(g(σde), Tde) = 0 (8.11)
V ′′(σde) + F ′′(g(σde), Tde) = 0 (8.12)
In the linear approximation the equations for the critical value of the volume modulus and the
critical temperature become V ′′(σde) = 0 and the critical temperature
Tde = κ [V
′(σde)]
1/4
(8.13)
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Figure 8.1: The effective potential of the overall volume modulus uplifted by matter superpo-
tentials at finite temperature. From left to right the temperature increases.
where κ = O(1). The σde lies between the zero temperature VK-KKLT local minimum and the
barrier peak. Following [26] [25], the critical temperature is given by
Tde ∼ √m3/2
(
2
B
)1/4(
3
β
)1/4(
1
g2
)3/8
(8.14)
where B = T−4∂F/∂g(σde) and β the beta function of the corresponding gauge group that lifts
the no-scale structure of the overall volume modulus through non-perturbative effects. The
destabilization temperature (8.14) depends linearly on the square root of the gravitino mass.
For m3/2 ∼ 100 GeV and β ∼ 0.1 the critical temperature of the destabilization is
Tde ∼ 1011GeV . (8.15)
Obviously, a low scale supersymmetry breaking as the gauge mediation scheme decreases the
destabilization temperatures. This may be in tension with the results of chapter 6 where
high reheating temperaure, of the order of 109 GeV were necessary for a thermal selection
of the metastable vacuum. For example a gravitino of mass 10 MeV then temperatures at
least of order 5 × 107 GeV are necessary for the metastable vacuum selection whereas the
destabilization of the volume modulus constrains the highest value of the reheating temperature
to be Trh < Tde ∼ 109 GeV. Hence, a thermal implementation of supersymmetry breaking and
the avoidance of decompactification is only marginally satisfied. In the following we claim that
the destabilization temperature is found to be higher once the dynamics of the volume modulus
are taken into account [41].
8.2 Volume Modulus Kinematics
The analysis presented above describes the change of the shape of the volume modulus potential
and the Tde is the critical temperature where the local minimum becomes an inflection point.
However, at that moment the curvature of the potential and hence the volume modulus mass
squared is zero. The system of the volume modulus ̺ and the matter fields are parts of
the energy density of a universe dominated by radiation. The Hubble parameter scales like
H ∼ T 2/MP and effectively acts like a friction term on the Re(̺) = σ. Assuming that initially
the volume modulus is localized at the local minimum of the KKLT potential then, as the
temperature increases the value of the minimum is shifted towards larger vevs. The volume
modulus has no initial velocity and a ”static” friction is acting on it. Hence, at the temperature
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Tde the modulus does not run-away. The run-away will take place at higher temperatures when
the potential slope is steep enough to outweight the Hubble friction. The moment when
m2σ(T ) ∼ H2(Tra) (8.16)
the modulus will run away and
Tra > Tde (8.17)
where the index ”ra” stands for the run-away. The m2σ(T ) is given by the effective potential
written below (8.21). The relavant fields that rule the kinimatics of the modulus are described
by the action
S = −
∫
d4x
√−g
(
1
2
M2PR− L(σ,X, γ) + F(g, T )
)
(8.18)
where the γ stands for the light fields part of the radiation plasma. The minimal approximation
is to consider only the fields of the Yang-Mills SU(N) gauge fields and the Nf flavours of matter,
although, in principle, a second component of relativistic particles that only interacts with the
modulus gravitationally can also be present in the dynamics. The radiation energy density
reads
ρr = −π
2
24
T 4α0(1 + rg
2)T 4 (8.19)
where r = α2/α0. This is actually the free energy. The equation of motion for the volume
modulus is given by
σ¨ + 3Hσ˙ +KσσVσ =
rρr
3(1 + rg2)
Kσσ∂σg
2(σ) (8.20)
where the term (Kσσσ/Kσσ)σ˙
2 has been neglected in the region of values of σ considered here.
An effective scalar potential for the σ can be defined
Veff(σ) = V (σ)− 1
3
rρrg
2
1 + rg2
. (8.21)
It is found that the modulus runs away for temperatures Tra & O(10)Tde [41].
The Tde can become several orders of magnitude higher than the (8.15) once racetrack
models are employed. At these models the m3/2 is replaced by the high of the barrier which
is disconnected with the m3/2. Then, the destabilization issue is basically addressed since it
is claimed that the universe cannot thermalize above temperatures of the order of the GUT
scale. The volume modulus then, cannot get destabilized by thermal effects. These stabilization
models for the volume modulus are rather attractive apart from the fact that the double tuning
is required. This problem can be addressed once the ”downlifting” of the supersymmetry
breaking vacuum, as those of O’Raifeartaigh models, is implemented by the supersymmetry
breaking sector itself, see last section.
Another issue is that, for the KKLT case the thermal effects shift the volume modulus
from its zero temperature value. This is another notorious cosmological problem related with
the gravitational interacting fields. We present some of the details of this problem in the
appendix. In the present case, there are two ways to encounter the problem. The first is to
assume a relatively large gravitino mass. The volume modulus mass is mσ ∼ σm3/2 and for
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mσ > 10 TeV the decay of the modulus does not spoil the BBN. However, the energy stored
in the oscillations of the σ field cause a late entropy production that may dilute the baryon
asymmetry and the dark matter abundance. Moreover, the branching ratio of the moulus decay
to gravitinos is too large and gravitinos are overproduced (see appendix, the moduli induced
gravitino problem). The second way is to adopt a racetrack-type model where the modulus is
rather heavy and decays at temperatures T > 108 GeV.
8.3 Heavy Moduli Decays
Choosing a superpotential such that the volume modulus becomes parametrically much heavier
than the gravitino a potential problem appears: the moduli decays may overproduce gravitinos
(see also the appendix). The heavy moduli could either cascade through Standard Model
superpartners ending in gravitinos and Standard Model particles or decay directly to a pair of
gravitinos. The decay widths scale as
Γ̺ =
c
8π
m3̺
M2P
(8.22)
with a model dependent constant. For the case of modulus decays to the SSM particles the
decay width is given by the coupling
∫
dθ2̺W αWα in the supersymmetric actions, the (8.1) is
an example. A straightforward calculation yields the partial widths
Γ(̺R,I → gg)) = Γ(̺R,I → g˜g˜) = n
96π
m3̺
M2P
(8.23)
where n counts the degrees of freedom of the final states, e.g. n = 8 for gluons and gluinos.
The potential source of cosmological difficulties is the direct decay ̺→ 2ψµ i.e. to gravitinos
[132, 76]. The coupling depends on the susy breaking F -term of the modulus field. If the F̺ is
nonzero then G̺ ∼ m3/2/m̺ and the decay width is of the order m3̺/M2P similar to the (8.23).
This causes cosmological problems since a gravitino of mass larger than KeV will not thermalize
at low temperatures, and hence it will be overproduced and either overclosing the universe if
stable or spoiling the BBN nucleosynthesis if unstable (see next chapter).
However, this problem does not always appear. It was pointed out at [63] that in the case
of KKLT models the decay to gravitinos can be suppressed. The physical Goldstino is a linear
combination of ψX = x and ψ̺ while the orthogonal combination is massive. Similarly, its
massive scalar partner is also a linear combination of X and ̺:
ϕ = ǫX + ̺. (8.24)
where the fields are canonically normalized. According to [63] the mixing is supersymmetric
at O(m3/2/m̺) level and concequently the decay amplitude of the volume modulus, or more
precisely of the massive scalar ϕ starts at O((m3/2/m̺)2). For the model studied in this and
the previous chapter i.e. the (7.87) the decay width is given by
Γ(̺→ 2ψ3/2) =
c3/2
288π
m3̺
M2P
, (8.25)
148
where
c3/2 =
27m4X
(m2̺ −m2X)2
. (8.26)
Thereby, for the case of a heavy volume modulusm̺ ≫ mX the partial decay width to gravitinos
is significantly suppressed relatively to the (8.23). Hence, the moduli induced gravitino problem
can be avoided. The gravitino can have the correct dark matter abundance only from scatterings
off the thermalized particles in the plasma as we discuss at the next chapter.
Another important point is whether the modulus dominates the energy density of the uni-
verse, i.e. there is modulus matter-dominated era due to the modulus oscillations about its
vacuum. As we saw in previous sections, thermal effects are expected to modify the potential
for the volume modulus leading even to destabilization at the Tde temperature. For tempera-
tures lower than this value, the main modification to the potential is the shift of its minimum
towards larger values. This entails an initial displacement for the volume modulus causing an
oscillating phase. However, the displacement also depends on the high of the barrier and for
a heavy modulus, where the barrier can be much larger than the m23/2M
2
P , this displacement
is much smaller. Therefore, the displacement can be small enough not to source a modulus
matter-dominated era. In this case the decay of the modulus to gravitino may be irrelevant
since its entropy production will be a subdominant effect, see (A.21). In the opposite case that
the volume modulus dominates the energy density of the universe, then according to (A.21)
the reheating temperature will be
Trh ∼ 10−10GeV
( m̺
GeV
)3/2
(8.27)
For the parameters given at the [106] the volume modulus can have a mass up to 1013 GeV
and thus reheating the universe up to temperatures of the order of 109 GeV. Such a scenario,
requires a thermally favourable gauge mediation i.e. models presented at the chapter 6.
It is possible that the volume modulus is light. In this case thermal effects or inflation
(see appendix) may displace the modulus resulting to a late entropy production from its decay.
Then, a low scale inflation or other sources of late entropy production may be necessary. For
a recent work see [77]. This scenario, nevertheless, does not exclude the possibility that much
higher reheating temperatures were realized in the early universe.
For the most interesting to us case of a very heavy modulus, stabilized at a Minkowski
vacuum, a different mechanism for the cancellation of the cosmological constant has to be
pursued. This is discussed in the next section.
8.4 Avoiding The Uplifting Fine Tuning In Racetrack
Models
The constant c appears in the supersymmetry breaking models with matter superpotentials
in order to cancel the positive contribution of the non-zero F -terms at the potential i.e. the
cosmological constant. As we have demonstrated it can be interpreted as the expectation value
of the superpotential of the overall volume modulus field, i.e. 〈W (̺)〉, stabilized in an anti-de
Sitter vacuum. However, this interpretation is only economical for the KKLT scenario where
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the anti-de Sitter minimum is inevitable. In the case of the racetrack construction the volume
modulus can be stabilized in a Minkowski vacuum and no uplifting is necessary. Asking for
small negative values for the racetrack minimum is redundant and, looks like a rather contrived
scenario. The minimal scheme of a modulus stabilized in a Minkowski vacuum at first place is
more attractive.
On the other hand, positive energy contribution to the cosmological constant by the su-
persymmetry breaking matter fields have to be canceled and the arbitrary constant c is finally
”reintroduced” by hand and to be fine-tuned at the value c ≃ FMP . Since
√
F . 1011 GeV
(the upper bound corresponds to gravity mediation models) it has to be far smaller than M3P .
Thus, at first sight it cannot be directly related with microscopic dynamics like the string or
other GUT scale theory. A simple assumtion is to identify the constant as an δW = F (S +X)
term where the S an extra singlet chiral superfield that is stabilized at a value S ∼ MP and
X the dominant Goldstino superfield coupled to messengers and stabilized at X ≪ MP . Nev-
ertheless, the S-field has to be supplemented by additional dynamics to fix the Planck scale
vev2 contrary to the dyanamics of low scale susy breaking that fix the vev of X . Moreover, it
accounts for a Polonyi-kind field associated with the notorious cosmological problems.
A different direction is to attribute the smallness of the constant 〈c〉 to a symmetry. The R-
symmetry is the only kind of symmetry that can suppress such a constant [65]. In the framework
of retrofitted models an elegant interpretation for the origin of c is possible. Considering the
simplest of retrofitted models
W =
k
32π2
XW 2α
MP
+XA2 +MABAB (8.28)
A gaugino condensation can generate the scales, namely
〈λλ〉 = NΛ¯3e−kX/(NMP ) ≃ NΛ¯3 − kΛ¯
3
MP
(8.29)
and we can define
F ≡ kΛ¯
3
MP
, W0 ≡ NΛ¯3. (8.30)
Hence, the low energy effective supperpotential, for X ≪MP , is
W =W0 +X(A
2 − F ) +MABAB. (8.31)
i.e a simple O’Raifeartaigh model with a constant W0 of suitable order of magnitude to give a
small cosmological constant. In these models this happens automatically; nonetheless tuning
takes place also here.
2An inverted hierarchy mechanism could be a reason if the S-field is gauged. However, dynamics become
complicated, and the MP vev does not result automatically.
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Chapter 9
Gravitino Production In the
Thermalized Universe
In this final chapter we consider the thermal gravitino production in the context of hidden sector
dynamical supersymmetry breaking models. We discuss the possible roˆle of the R-symmetry
that is generically present. We argue that due to the thermal restoration of the R-symmetry the
Goldstino production rate is suppressed. Thereby, the bounds on the reheating temperature
coming from the gravitino abundance are significantly relaxed [40].
9.1 Gravitino Cosmology
In the gauge mediation mechanism of supersymmetry breaking, the gravitino is the Lightest
Supersymmetric Particle (LSP) a fact that makes it a natural dark matter candidate. So far,
almost nothing is known about the gravitino mass since it escapes the constraints applied on
the Standard Model superpartners. Examples of considered mass ranges are [27]m3/2 < 1 KeV,
corresponding to hot dark matter, 1 keV < m3/2 < 15 KeV corresponding to hot warm dark
matter, 100KeV < m3/2 < 1 − 10 GeV, a range of cold dark matter and 100GeV < m3/2 < 1
TeV, a range of cold dark matter typical for gravity mediation. Cosmological problems [73]
and thereby cosmological constraints differ, depending on the mass range considered for the
gravitino. If the gravitino is not the Lightest Supersymmetric Particle (LSP) or the R-parity
is not a conserved number then it is an unstable particle, a fact that alters the cosmological
bounds.
9.2 Properties
In an exact supersymmetric theory, the gravitino is a massless spin 3/2 particle with two degrees
of freedom. Once supersymmetry is broken the Goldstino fermion of supersymmetry breaking
provides the longitudinal degrees of freedom and the gravitino becomes a massive spin 3/2
particle with four degrees of freedom. The resulting gravitino mass is m3/2 = F/(
√
3MP ) i.e.
depends linearly on the (squared) scale of the supersymmetry breaking F . Its properties are
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given by the Lagrangian
L = −1
2
ǫµνρσψ¯µγ5γν∂ρψσ − 1
4
m3/2ψ¯µ[γ
µ, γν ]ψν − 1
2MP
ψ¯µS
µ (9.1)
where Sµ is the supercurrect corresponding to supersymmetry transformations, see e.g. the
appendix of [140]. Hence, gravitinos ψµ couple Standard Model particles to their superpart-
ners through gravitino-gaugino-gauge boson interactions and gravitino-sfermion-fermion inter-
actions:
L = − i
8MP
ψ¯µ[γ
ν , γρ]γµλaF aνρ −
1√
2MP
Dν f˜
∗iψ¯µγµγνf iR −
1√
2MP
Dν f˜
if¯ iLγ
µγνψµ. (9.2)
Light Gravitino
In spontaneously broken susy models the massless gravitino field ψµ acquires mass by absorbing
Goldstino modes. Before becoming massive, the gravitino only possesses helicity ±3
2
modes and
the Goldstino provides the helicity ±1
2
modes of the massive gravitino field. This suggests that
the helicity ±1
2
mode of the gravitino field behaves like a Goldstino field. Actually, if the grav-
itino mass is much smaller than the mass splitting in the chiral and gauge supermultiplets the
effective Lagrangian for the relativistic gravitino of helicity ±1
2
components is given in terms
of the Goldstino field. For energies
√
s≫ m3/2 the wave function of the gravitino of heliciy ±12
components is approximately proportional to pµ/m3/2 where pµ the momentum of the gravitino
and the ±1
2
component. Hence, the gravitino field can be written as
ψµ ∼ i
√
2
3
1
m3/2
∂µψ. (9.3)
The ψ represents the spin 1
2
fermionic field which can be interpreted as the Goldstino.
Total amplitudes with the helicity 1
2
gravitino at external line should vanish unless susy
is broken; thus it should be proportional to some susy breaking parameters. One can obtain
an effective Lagrangian for the helicity 1
2
light gravitino field by replacing all the derivatives
operated on f˜ , f and λ by the masses mf˜ , mf and mλ of the sfermion, fermion and gaugino
fields respectively. Hence, considering the Goldstino mode ψ the gravitino Lagrangian density
contains the terms [127]
Leff,Goldstino = − imλ
m3/2
1
8
√
6MP
[γµ, γν ]ψ¯λaF aµν +
m2
f˜
−m2f
m3/2
1√
3MP
ψ¯fRf˜
∗ + h.c. (9.4)
where ψ is the spin1
2
Goldstino mode eaten by the gravitino, (f, f˜) a chiral multiplet and
(Aaµ, λ
a) a vector multiplet (see also section 3.6.3). In the supersymmetric limit i.e. mλ → 0
and m2
f˜
− m2f → 0 the above effective Lagrangian vanishes and the helicity ±12 modes of the
gravitino field decouple from the theory.
A light gravitino with m3/2 ≪ mλ interacts effectively as the Goldstino field and it can be
in thermal equilibrium, decouples when it is relativistic and accounts for hot dark matter. One
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sees from the Lagrangians (9.2),(9.4) that indeed the couplings are enhanced mλ/m3/2 for the
case of interactions with particles members of a gauge supermultiplet and, (m2
f˜
−m2f )/(m3/2pµ)
for the interaction with chiral particles.
A light gravitino, given that the R-parity is conserved number, is a stable one. As the mass
of the gravitino increases then the cosmological behaviour of the LSP gravitino changes. A
O(KeV) mass gravitino can have a thermal abundance that does not overclose the universe but
as the mass increases it violates the overclosure bounds. A gravitino of mass at the O(GeV)
range can be thermalized only at ultra high temperatures that are not expected to have been
realized in the early universe. Despite this fact, it can be produced by scatterings off the ther-
mal plasma, by 2→ 2 reactions, and since the annihilation processes are negligible it can have
a significant abundance, as we discuss in the next section.
Heavy Gravitino
If the mass of the gravitino is comparable to, or larger than, the mass splitting of the observ-
able sector supermultiplets the interaction strenght of its helicity ±1
2
component is no longer
enhanced compared to that of its helicity ±3
2
component. At high energies, the gravitino pro-
duction cross section is dominated by the transverse spin 3
2
component. Hence, in this case its
behaviour (as the leading high energy behaviour) is independent of the susy breaking parame-
ters that are negligible in the total amplitude. The most important single gravitino production
processes are again the 2→ 2 reactions where at least one of the three other external particles
is a member of a gauge supermultiplet.
9.3 Relic Density
Gravitinos can be produced in the early universe via several different ways. The first is to
consider gravitino production as a result of freeze out from thermal equilibrium. The gravitino
coupling is E/MP suppressed and only for hypothetical temperatures T ∼ MP the gravitinos
can be in a thermal equilibrium and a thermal abundance n3/2 = neq. After decoupling the
gravitino thermal relic density would scale like n3/2 ∝ T 3 and would have a similar to CMB
photons number density. For stable gravitino, in order not to overclose the universe, i.e. Ω3/2 .
1, their mass has to bem3/2 . 1 KeV, a bound similar to that on the relic neutrinos. In the case
of unstable gravitino (either due to R-parity violation or when it is the LSP) there is no bound
from overclosure. However, it can decay to the LSP and the gravitino lifetime is estimated to
be [80]
τ3/2 = Γ
−1
3/2 ∼
M2P
m33/2
∼ 0.1years
(
100GeV
m3/2
)3
(9.5)
Requiring decays to be completed before BBN commences, tBBN ∼ 1sec, implies m3/2 & 10
TeV.
According to particle physics interactions and conventional cosmology the universe was not
thermalized at temperatures close toMP . Despite the fact that the gravitino is not thermalized
it can be produced by scatterings in the thermal plasma. After reheating, the universe is
characterized by three seperate rates: the interaction rate of MSSM particles, σSSMn; the rate
of interaction involving one gravitino, σ3/2n; and the expansion rate H . The n is the MSSM
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number density. For reheating temperatures larger than the MSSM masses, and for a heavy
gravitino, the hierarchy of these three separated rates is
σMSSMn ∼ T ≫ H ∼ T
2
MP
≫ σG˜n ∼
T 3
MP
(9.6)
In the thermal bath the (M)SSM particles occasionally interact to produce a gravitino through
the interactions like AρAσ → λψµ. The produced gravitinos then propagate through the uni-
verse essentially without interacting. If they are stable they contribute to the present dark
matter density. The gravitino production cross sections, taking into account both the helicity
±3
2
and helicity ±1
2
contributions to the self energy, reads
σG˜(p) ∝
3∑
N=1
g2N
M2P
(
1 +
m2λN
3m23/2
)
(9.7)
and considering only processes involving gluons and gluinos that dominate the cross section
with g3 ≡ g [21] then
σG˜(p) ∝
g2
M2P
(
1 +
m2g˜
3m23/2
)
(9.8)
for a gravitino with momentum p. The gravitino abundance is determined by the Boltzmann
equation
1
a3
d
(
n3/2a
3
)
dt
= 〈σG˜v〉 (n2rad − n23/2) (9.9)
or equivalently
dn3/2
dt
+ 3Hn3/2 = 〈σG˜v〉 (n2rad − n23/2). (9.10)
Here, the source term n2rad = n
2
eq arises from interactions such as AρAσ → λψµ; the sinking term
originating from the inverse interaction, i.e. from gravitino annihilation processes, is negligible
for gravitino with mass m3/2 & 10 MeV. Taking into account that in a radiation dominated
universe
H2 =
g∗(T )π2
90M2P
T 4 ≡ nradT
3M2P
, t =
1
2H
=
1
2
√
90M2P
g∗(T )π2
1
T 2
(9.11)
we can perform a variable change: t→ T and n→ Y ≡ n/nrad. Then the yield for the gravitino
Y3/2 is given by the equation
dY3/2
dT
= −〈σG˜v〉nrad
HT
. (9.12)
For temperature independent 〈σG˜v〉 the right hand side is independent of the temperature since
nrad ∝ T 3 and H ∝ T 2. The result is that the gravitino relic number density is linearly
proportional to the reheating temperature Trh. The constant of proportionality is the gravitino
production cross section with the leading 2→ 2 processes are the QCD interactions. The only
temperature dependent effect as we integrate from Trh to T , with Trh ≫ T , is the dilution
factor
g∗(T < 1MeV)
g∗(Trh)
=
43/11
915/4
(9.13)
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for the MSSM.
For a light gravitino a freezing out temperature can be defined at which the production of
gravitino from the thermal plasma is effectively ceased
T f3/2 ∼ 2× 1010GeV
( m3/2
10MeV
)2(1TeV
mg˜
)2
. (9.14)
Also, the relic abundance is given by
Ω3/2h
2 ≃ 0.2
(
Tmin
1010GeV
)(
100GeV
m3/2
)(
mg˜(µ)
1 TeV
)2
(9.15)
where Tmin ≡ min(Trh, T f3/2) i.e. the gravitino relic density is determined as a function of
reheating temperature. Therefore, for relatively heavy gravitino, e.g. of the order of GeV,
decreasing the reheating temperature the gravitino abundance is truncated. Asking for Ω3/2h
2 .
0.1 a bound is applied on the reheating temperature
Trh . 10
6GeV
( m3/2
10MeV
)
(9.16)
when the gluino has mass mg˜ ∼ 1 TeV. For gravitino mass m3/2 ∼ 100 GeV the constraint
on the ΩDMh
2 constrains the reheating temperature at Trh . 10
10 GeV. Whether or not these
bounds are saturated specifies the percentage of gravitino at the dark matter abundance.
For a heavy gravitino that its production cross section is dominated by the transverse ±3
2
helicity the gaugino soft massmg˜ is irrelevant. Also, the contribution from the cascade decays of
observable sector sparticles into gravitinos is completely negligible. Taking the gauge couplings
at an average scale of 1010 GeV one takes the approximate relation for a heavy gravitino
Ω3/2h
2 ≃ 0.1 m3/2
100GeV
Trh
1010GeV
(9.17)
and requiring Ω3/2h
2 . 0.1 one obtains
Trh . 10
10GeV× 100GeV
m3/2
(9.18)
for m3/2 . mλ, m˜ i.e. the mass splitting in the observable sector supermultiplets. If this
gravitino is stable then the problem shifts to the lifetime of the Next to the Lightest Super-
symmetric Particle that it may be too long lived. Big Bang Nucleosynthesis requires the NLSP
to be significantly heavier than the gravitino, as we discuss in the next subsection.
9.3.1 NLSP Decay and Big Bag Nucleosynthesis
A third mechanism for gravitino production is through the cascade decays of other supersym-
metric particles. In the gauge mediation scenarios the gravitino is the LSP and all cascade
decays will ultimately end in a gravitino. It may be possible the gravitino to account for the
dominant dark matter component even if the Trh is very low but also large enough so that the
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Next to Lightest Supersymmetric Particle (NLSP) can equilibrate. The NLSP freezes out as
usual and if it is weakly interacting its relic density will be near the desired value. It decays to
the gravitino LSP at
τ ∼ M
2
P
M3weak
∼ 105 − 108 sec. (9.19)
This way the gravitino becomes dark matter with relic density
Ω3/2 =
m3/2
mNLSP
ΩNLSP. (9.20)
In the case that m3/2 ≃ mNLSP the gravitino dark matter inherits the desired relic density from
WIMP decay.
However, in the gauge mediated scenarios it can be m3/2 ≪ mNLSP and the contribution to
Ω3/2 from the NLSP decays is negligible. On the contrary, a fast (before BBN) decay of the
NLSP is pursued. The calculation of the lifetime of the NLSP depends inversely on the ratio
of the NLSP to the gravitino mass
τNLSP =
(
5.9× 104sec) ( m3/2
1GeV
)2(100GeV
mNLSP
)5
. (9.21)
The BBN commences at temperatures TBBN ∼ 1 MeV corresponding to the timescale t ∼ 0.2sec
and the τNLSP takes comparable values. When the NLSP decays during or after the BBN can
alter its successful predictions if the relic abundance of the NLSP and/or the hadronic branch-
ing fraction in the NLSP decay is large enough [35]. For ΩNLSPh
2 ≪ 1 or m3/2/mNLSP ≪ 1
these decays are a negligile source of gravitino dark matter.
Big Bag Nucleosynthesis
The reaction rates, during Big Bag Nucleosynthesis, for generating the observed abundance of
light elements H+, D+, T+, 3He++ are sensitive to the relativistic degrees of freedom during
that time and to the presence of late decaying particles. The Standard Model is in reason-
able accord with observation. We remark here, that there is the exception of the 7Li whose
abundance is predicted to be larger by a factor of 2-5 when compared with observations. Late
decaying particles are generally expected in the supersymmetric extensions of the Standard
Model. In the gravity mediation scenario the gravitino is the notorious late decaying sparticle.
However, in the gauge mediation scheme the gravitino, in the presence of R-parity, is stable
as the lightest supersymmetric particle (LSP). The late decaying particles should be found in
the Next to the Lightest Supersymmetric Particle (NLSP). The identification of the NLSP is
model dependent, nonetheless the bino, the stau or the sneutrino are certain candidates.
9.4 Thermal Restoration of the U(1)R Symmetry
9.4.1 Exact R-Symmetry
In the chapter 4 we stressed the importance of a global U(1)R symmetry for the supersymmetry
breaking sector. R-symmetry for generic superpotentials is a necessary condition for supersym-
metry breaking in the true vacuum and a spontaneously broken R-symmetry a sufficient one.
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We expect R-symmetry to be violated by different sources that may restore supersymmetry
but not in a nearby vacuum. These sources may be 1/MP suppressed dimension-five operators
in the superpotential or a constant term that cancels the cosmological constant in the vacuum.
Hence, in the global supersymmetric limit the U(1)R symmetry can be an exact symme-
try. In this thesis we have examined one minimal model of ordinary gauge mediation that is
characterized by a spontaneously broken R-symmetry:
W = FX + λXφφ¯. (9.22)
K = |X|2 − |X|
4
Λ21
+
|X|4
Λ42
. (9.23)
The superpotential is a ”classical” ordinary gauge mediation superpotential and the Ka¨hler po-
tential can originate from an R-symmetric O’Raifeartaigh-like sector that breaks spontaneously
the R-symmetry, as we saw at the section 4.4.3, [144]:
W = FX + kXϕ1ϕ2 +m1ϕ1ϕ3 +
1
2
m2ϕ
2
2. (9.24)
The chiral superfields ϕ1, ϕ2 and ϕ3 have R-charges −1, 1 and 3 respectively. They are heavy
compared to the (9.22) sector i.e. m1, m2 ≫ λX and hence, integrated out from the low
energy effective theory. In a thermalized universe it is the messenger fields φ, φ¯ that control
the thermal average value of the spurion X-field and thus, the thermal restoration or breaking
of the R-symmetry.
The R-symmetry is a symmetry of the vacuum when X = 0 and breaks spontaneously when
X 6= 0. For the above theory (9.22), (9.23) the R-symmetry is restored due to thermal effects
at the temperature (5.84), (6.43)
T
(R)
X =
4√
5
1
λ
F
Λ1
. (9.25)
The
√
5 at the denominator of (9.25) originates from the assumption of a minimal case of a
5 + 5¯ messenger sector i.e. the φ, φ¯ messenger quarks and leptons form a single complete
SU(5) representation. We can add additional SU(5) multiplets that couple to the spurion X
field preserving the gauge unification. However, the gauge coupling at the GUT scale increases
and if we require it to remain perturbative then we may add only 1,2,3 or 4 5 + 5¯ pairs or a
single 10+1¯0 pair or (5+5¯)+(10+1¯0) pairs to the particle content of the minimal SU(5) GUT
unless the messenger scale is large enough. According to (6.16) N values as large as 5×Nφ ∼ 50
are allowed. Hence, the square root at the denominator (9.25) increases respectively. Here we
consider that
T
(R)
X = T0 ≡
4√
N
F
λΛ1
. (9.26)
We recall that the minimum is at |X| ∼ Λ22/Λ1. The R-symmetry breaks via a second order
phase transition. The critical temperature (9.26) can be quickly estimated from the fact that
the spurion has negative squared mass 4F 2/Λ21 at the origin and receives thermal corrections
Nλ2T 2/4 from the messenger fields (5.83).
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9.4.2 Approximate R-Symmetry
The theory (9.22), (9.23) exhibits an exact thermal restoration of the U(1)R symmetry. Nonethe-
less, theories like the (4.38), (4.37)
W = FX + λXφφ¯+ c, W = FX + λXφφ¯−Mφφ¯ (9.27)
that break the U(1)R explicitly are approximately R-symmetric at high tmperatures. Indeed, for
high enough temperatures the R-violating terms c andMφφ¯ are negligible and an approximate
R-symmetry restoration takes place. This can be seen from the evolution of the thermal average
value for the R-charged X field that we recall here (5.74):
X
(c)
min(T ) =
4 c
M2P
F − 2Fc
3Λ2M2P
T 2
8F
2
Λ2
+ N
2
λ2T 2
, X
(M)
min (T ) =
1
2
MλT 2
8F
2
Λ2
+ N
2
λ2T 2
(9.28)
The R-symmetry breaking scale is the vev 〈X〉 ≡ X0. For the case of gravitational sta-
bilization the vev is the X
(c)
0 = cΛ
2/2FM2P and for the messenger mass case X
(M)
0 = 0. For
the former case the R-symmetry breaking scale is apparently the X0 ; for the later, where
W = FX + (λX −M)φφ¯, the R-symmetric point is not the X = 0 but the X = M/λ. After
the translation X → M/λ − X then X(M)0 = M/λ which is here, the scale of R-symmetry
breaking.
According to (9.28) the thermal average value tends to restore the R-symmetry. We can
parametrize the degree of the R-symmetry breaking by defining the parameter bR:
bR(T ) ≡ X(T )
X0
. (9.29)
Temperatures higher than the cut-off scale are not expected (for Λ & 10−4MP ) since a thermal
equilibrium cannot be achieved. Thus, for the case of gravitational stabilization the second
term at the numerator (9.28) is negligible. The parameter b takes the universal (for both cases)
form
bR(T ) =
(
4F
Λ
)2(
4F
Λ
)2
+Nλ2T 2
(9.30)
where N is the number of messenger fields φ and φ¯ in the fundamental representation [87]. We
can now define the temperature T0
T0 ≡ 4√
N
F
λΛ
(9.31)
and recast the (9.30) to the simpler form
bR(T ) =
1
1 +
(
T
T0
)2 . (9.32)
Obviously, when T → 0 the R-symmetry breaking scale takes its maximum value, i.e. the zero
temperature one, and when T → ∞ the R-symmetry is restored. In other words, the bR(T )
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parametrizes the R-symmetry breaking scale at finite temperature with respect to the zero
temperature scale. Furthermore, solving the (9.30) with respect to the temperature we take
T 2(bR) = T
2
0
1− bR
bR
=
(
4√
N
F
λΛ
)2
1− bR
bR
. (9.33)
We note that T0 = T (bR = 0.5). It is interesting here to re-derive the temperatures TX firstly
given at the chapters 5 and 6. The TX corresponds to the temperature that the minimum at
the X-direction crosses the (would-be at Tsusy) tachyonic boundary X =
√
F/λ. Hence,
X(TX) =
√
F/λ = bR(TX)X0 (9.34)
which gives the following values for the parameter bR:
bR(T
(c)
X ) = 2
F M2P
cΛ2
√
F
λ
, bR(T
(M)
X ) =
√
λF
M
. (9.35)
Since bR(T
(c)
X ), bR(T
(M)
X )≪ 1, from (9.33) we take
T 2X ≃
8
N
c
λM2P
√
F
λ
and T 2X ≃
16
N
F 2M
λ2Λ2
√
F
λ
(9.36)
which are the temperatures derived at chapters 5 and 6. We also note that TX > T0.
For the case of spontaneous breakdown of the R-symmetry, discussed in the previous sub-
section, the parameter bR(T ) takes, approximately, the discrete values:
bR(T > T
(R)
X ) = 0 and bR(T < T
(R)
X ) = 1 , (9.37)
where T
(R)
X = T0.
9.5 Gravitino Thermal Production Revisited
The crucial consequence of the thermal tendency to restore the R-symmetry is that the gravitino
cross section from the scattering processes off thermal radiations, 〈σG˜v〉, becomes thermal
dependent. Since the gaugino masses, mλ, require an insertion of both the scalar and auxiliary
components of X , while the scalars require only auxiliary components, the gauginos become
lighter than the sfermions as X(T ) decreases by O (X(T )/X0). In the models of ordinary
gauge mediation, that we investigate here, there is no hierarchy between the sfermions and the
gauginos at zero temperature, i.e. mλ ∼ mf˜ . Hence, due to the R-symmetry as the temperature
increases and the X(T ) is driven to the origin the gauginos masses minimize compared to the
zero temperature gaugino masses. We claim a scaling:
mλ(T )
mλ(T = 0)
= O
(
X(T )
X0
)
= O(bR) . (9.38)
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Here we will consider that: mλ(T )/mλ(T = 0) = bR(T ).
A connection with the U(1)R symmetry is straightforward. The supersymmetric Lagrangian
contains the gauge interaction terms
Lgauge =
∫
d4xd2θ
{
1
4
W α1 W1α +
1
2
tr(W α2 W2α) +
1
2
tr(W α3 W3α)
}
+ h.c
+
∫
d4xd2θd2θ¯
(∑
ij
Φ†ie
gjVjΦi + h.c
)
(9.39)
where Vj are the vector and Wjα the corresponding field strength superfields associated to
U(1)Y , SU(2) and SU(3) for j = 1, 2, 3 respectively. The complete supersymmetric Lagrangian
(without the soft terms) includes also the superpotential including the Yukawa interactions
and the Higgs sector. The (9.39) apart from being gauge invariat (section 2.2.1) it is also
R-invariant. For instance, the W αWα has R charge +2 and by a U(1)R rotarion it transforms
to e2iαW αWα which cancels out with the corresponding rotation at the Grassmannian variable
d2θ → e−2iαd2θ. Introducing an explicit Majorana gaugino mass in a supersymmertic manner
extends the Lagrangian (9.39) with the part
Lgaugino =
∫
d4xd2θ
{
1
4
2θθM1W
α
1 W1α +
1
2
2θθM2tr(W
α
2 W2α) +
1
2
2θθM3tr(W
α
3 W3α)
}
(9.40)
which breaks the R-symmetry. Thereby the radiatively generated at 1-loop gaugino masses by
the operator
∫
d2θ lnXW αWα + h.c.
1
mλ =
α
4π
λF
Mmess
=
α
4π
F
X0
(9.41)
should not be expected if the vacuum of the theory is R-symmetric. Hence, when the U(1)R
symmetry is a symmetry of the vacuum then soft masses for majorana gauginos are prohibited.
The above arguments suggests a thermally sensitive cross section for the production of graviti-
nos from scattering precesses off the thermal radiations. Considering the dominant QCD 2→ 2
processes the (9.8) cross section becomes temperature dependent
σG˜(p, T ) ∝
g2
M2P
(
1 + b2R(T )
m2g˜
3m23/2
)
(9.42)
where mg˜ the gluino mass. We note that the gluino mass has already a dependence on the
temperature due to the renormalization of the gauge coupling constants (6.33):
mg˜(T ) =
g23(T )
g23(µ)
mg˜(µ) (9.43)
1This operator is generated after integrating the messengers out i.e. it is valid for temperatures and spurion
mass mX lower than the messenger mass.
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where µ ≃ 100 GeV. However, this running of the gaugino masses is negligible compared with
the (9.38) temperature dependence that we are considering here.
Another subtle point is whether the finite temperature effects enhance the gravitino mass or
the Goldstino coupling. This was discussed at [120] and [75] where it was shown that thermal
effects do not give contribution to the gravitino production rate of the form T 8/(m23/2M
2
P ).
Here, we are considering an opposite effect: at high temperatures the Goldstino generation
rate may be suppressed due to the R-symmetry restoration. The formula that gives the gravitino
abundance Y3/2 is given by (9.12). According to our arguments the right hand side of the
equation is not any more temperature independent but it reads:
dY3/2
dT
= −〈σG˜(T )v〉nrad
HT
. (9.44)
For gravitino of mass m3/2 < 100 GeV we can neglect the yield of the helicity ±32 component for
temperatures less than 1012m−13/2 GeV
2, see (9.18). Focusing on the interactions of the helicity
±1
2
modes then the yield variable Y3/2 is given by
Y3/2(T )− Y3/2(Trh) = − g∗(T )
g∗(Trh)


nrad
〈
σ
(1/2)
G˜
v
〉
HT


∫ T
Trh
dT b2R(T ) (9.45)
where 〈
σ
(1/2)
G˜
(T )v
〉
=
〈
σ
(1/2)
G˜
v
〉
b2R(T ) (9.46)
as we can see from (9.42). We remind the reader that the quantity in the brackets is temperature
independent.
Another point that should be taken into consideration is whether the processes that involve
chiral supermultiplets, i.e. quark and squarks, contribute to the production of the helicity ±1
2
component. If their contribution is non negligible then the suppression, due to the R-symmetry,
of the Goldtino production may not be significant if the massive (not-suppressed by the R-
symmetry) sfermions take over the gluino-trancated production process. We note, firstly, that
the corresponding contribution to the Goldstino production rate is proportional to m4q˜ which is
suppressed at high energies compared to the gluino contribution for dimensional reasons: the
interactions of the gravitino to gauge supermultiplets are described by dimension-five operators
and those to chiral supermultiplets by dimension-four ones. Hence, at high temperatures,
mq˜, mg˜ ≪ T , contributions involving the cubic Goldstino-quark-squark coupling are suppressed
by m2q˜/T
2 relative to the gluino contributions. Secondly, at that high temperatures that we
consider, the helicity ±1
2
mode from cubic Goldstino-quark-squark interactions is subdominant
compared to the helicity ±3
2
mode that is produced with a cross section T 2/M2P . Hence, we
can focus only at those 2→ 2 reactions where at least one of the three other external particles
is a member of a (color)-gauge supermultiplet and ignore those with chiral supermultiplets
altogether.
9.5.1 Exact R-symmetry Thermal Restoration
For models that exhibit exact thermal restoration of the U(1)R symmetry the bR(T ) can be
approximated by a step function: bR(T ) = 0 for T > T
(R)
X and bR(T ) = 1 for T < T
(R)
X , where
161
T
(R)
X ≃ T02. Hence, the gravitino yield (9.45) reads in this case:
Y3/2(T )− Y3/2(Trh) = − g∗(T )
g∗(Trh)


nrad
〈
σ
(1/2)
G˜
v
〉
HT


∫ T
T0
dT b2R(T ) (9.47)
≃ g∗(T )
g∗(T0)


nrad
〈
σ
(1/2)
G˜
v
〉
HT


∣∣∣∣∣∣
T0
T0 (9.48)
where we took into account that T ≪ T0. Also, Y3/2(Trh) ∼ 0 since we consider that the
dominant source of gravitino production are the scatterings in the thermal plasma and any
pre-inflationary abundance was diluted by inflation. Therefore, for T < 1 MeV, i.e. after
nucleosynthesis, for a decoupled gravitino and for Trh > T0 the gravitino abundance is
Y3/2 ≃ 1.1× 10−10
(
T0
1010GeV
)(
100GeV
m3/2
)(
mg˜(µ)
1 TeV
)2
(9.49)
and the contribution to the Ωh2,
Ω3/2h
2 ≃ 0.2
(
T0
1010GeV
)(
100GeV
m3/2
)(
mg˜(µ)
1 TeV
)2
. (9.50)
The T0 temperature is T0 = 4F/(λΛ1
√
N) for the example (9.22), (9.23). We can write it in
terms of the gravitino mass
T0 =
4√
N
√
3m3/2MP
λΛ1
= 4
√
3m3/2
λΛ1
2.4× 1018GeV (9.51)
and the Ωh2 is recast to
Ω3/2h
2 = 0.2× 16.6√
N
(
1010GeV
λΛ1
)(
mg˜(µ)
1 TeV
)2
. (9.52)
This is a remarkable result. Firslty, the gravitino abundance does neither depend on the
gravitino mass nor on the reheating temperature. Secondly, the quantities which control the
yield are the supersymmetry breaking fundamental parameters λ and Λ1. For
√
N = O(1− 7),
the gravitino does not overclose the universe when
λΛ1 & 10
11GeV. (9.53)
It can account for the dominant dark matter component when λΛ1 ∼ 1011; for example, when
λ = 10−5 and Λ1 = 1016 GeV = O(GUT) scale, the gravitino is the dark matter of the universe.
It is interesting to note that these values of the parameters are the natural values for several
2This is indeed an approximation since a second order phase transition is not a discontinuous process; instead
at the critical temperature TX there is no barrier and the transition occurs smoothly.
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models. A cut off of the order of the GUT scale is expected in many theories and, the fact that
there is a physical cut off in the theory implies the smallness of the coupling since in the IR
theory that appears it is expected to be suppressed.
In addition, considering that the supersymmetry breaking local minimum must be thermally
preferred we conclude that small values of the coupling λ are favourable. However, decreasing
the cut off and increasing the value of the coupling renders the supersymmetry preserving vac-
uum more attractive. Hence, we find an interesting window of values where the supersymmetry
breaking vacuum is selected and the gravitino does not overclose the universe, or even accounts
for the dominant dark matter component. This parameter space also specifies the gravitino
mass range.
We mention that the reheating temperature cannot be arbitrary high. Otherwise, the inter-
actions of the helicity ±3
2
that are T 2/M2P suppressed become significant. According to (9.17),
a gravitino with mass 1 GeV constrains the reheating temperature to be Trh . 10
12 GeV which
is 104 times relaxed relatively to the conventional bound (9.16).
9.5.2 Approximate R-symmetry Thermal Restoration
For models that break explicitly the R-symmetry like those we presented in the previous section
the bR(T ) is given by
bR(T ) =
1
1 +
(
T
T0
)2 . (9.54)
and the relevant part of the integral (9.45) is
∫ T
Trh
dT b2R(T ) =
1
2
T0
{
T0T
T 20 + T
2
+Arctan
(
T
T0
)}∣∣∣∣
T
Trh
. (9.55)
For, T < 1 MeV, i.e. after nucleosynthesis we expect T ≪ T0, Trh. Hence,∫ T
Trh
dT b2R(T )
∼= −1
2
T0
{
T0Trh
T 20 + T
2
rh
+Arctan
(
Trh
T0
)}
(9.56)
For reheating temperatures higher than the T0, which are the cases that we are interested in,
and especially for Trh ≫ T0 the integral approximates to∫ T
Trh
dT b2R(T ) ≃ −
1
2
T0Arctan
(
Trh
T0
)
− 1
2
T0
(
T0
Trh
)
(9.57)
≃ −1
2
T0Arctan
(
Trh
T0
)
(9.58)
≡ −θrh
2
T0 (9.59)
where, θrh ≡ Arctan(Trh/T0) a coefficient that here is larger than one: π/4 < θrh < π/2.
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For Trh = T0 the integral takes the value∫ T
Trh
dT b2R(T ) = −
T0
4
− T0
2
π
4
(9.60)
while for reheating temperatures lower than T0, i.e. Trh < T0 the value is∫ T
Trh
dT b2R(T ) ≃ −
1
2
Trh − T0
2
Arctan
(
Trh
T0
)
. (9.61)
Taking into account that
Arctanx = x− x
3
3
+
x5
5
− x
7
7
+ ... (9.62)
the integral for temperatures for Trh < T0 converges to the (−)Trh value as expected.
The conclusion is that for the high reheating temperatures Trh > T0 the integral is −T0θrh/2
or roughly −T0/2. Therefore the (9.45) reads
Y3/2(T )− Y3/2(Trh) = − g∗(T )
g∗(Trh)


nrad
〈
σ
(1/2)
G˜
v
〉
HT


∫ T
Trh
dT b2R(T )⇒ (9.63)
Y3/2(T ) ∼= g∗(T )
g∗(T0)


nrad
〈
σ
(1/2)
G˜
v
〉
HT


∣∣∣∣∣∣
T0
T0
2
(9.64)
where we considered the coefficients g∗ to be dominated by the value given at the temperature
T0. The contribution of the gravitino abundance to Ωh
2 is half times the (9.50)
Ω3/2h
2 ≃ 0.2
(
T0/2
1010GeV
)(
100GeV
m3/2
)(
mg˜(µ)
1 TeV
)2
. (9.65)
and substituting T0 = 4F/(
√
NλΛ1) it is recast to
Ω3/2h
2 ≃ 0.1× 16.6√
N
(
1010GeV
λΛ
)(
mg˜(µ)
1 TeV
)2
. (9.66)
We see that when the superpotential has an approximate U(1)R symmetry the result is
basically the same with that of an exact R-symmetric superpotential. Hence, despite the fact
that exact global symmetries are not expected and appear as accidental symmetries in the low
energy effective theory the theories behave much like the exact R-symmetric theories in terms
of the gravitino relic abundance.
It is interesting to note that the all important temperature T0 has no dependence on the
R-symmetry breaking parameters c and M . Although they define the supersymmetry breaking
vev X0 they cancel out at the ratio bR(T ) = X(T )/X0.
We mention, that in the case of approximate R-symmetric models the gravitino abundance is
suppressed by a factor of two compared with the case of exact restoration of the R-symmetry.
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At first sight this seems a paradox for, the expectation may have been that the gravitino
production is stronger suppressed when an exact restoration of the R-symmetry takes place
than when the restoration is approximate. However, we believe that this small discrepancy
originates from the fact that we simplified the thermal evolution of the X(T ) by assuming a
step-like behaviour while the symmetry breaking occurs smoothly via a graduate increase of
the mean value of the scalar field. The T0 value of the integral (9.47) should be considered as
the maximal and thus, the Y3/2 bound in this case is a conservative one.
Finally, we would like to comment on the production of gravitinos from the thermal plasma
due to the top Yukawa coupling, an effect considered at [140]. The production rate is enhanced
by the additional term
γtop = 1.30
9λtT
6
2M2Pπ
5
(
1 +
A2t
3m23/2
)
(9.67)
apart from the processes involving gauge supermultiplets, i.e. these that we have already
analysed:
γV =
T 6
2(2π)3M2P
3∑
N=1
nN
(
1 +
m2λN
3m23/2
)
fN (9.68)
where fN a factor which includes the gauge couplings. According to [140] the production
processes that include the top quark Yukawa coupling enhance the gravitino production rate
by almost 10% or more if the At is bigger than the gaugino massses. This effect can become very
important when the production of the helicity ±1
2
component is suppressed by the vanishing
gaugino masses. However, much like the gaugino masses, the A-terms require interactions
which violate the U(1)R symmetry and therefore, we expect to be suppresed as well at high
temperatures.
9.5.3 Conclusions and Discussion
The standard paradigm in cosmology is that the dark matter is a weak interacting massive
particle (WIMP). It is stable and it can annihilate to lighter observable, i.e. Standard Model,
states. These interactions can maintain the dark matter in thermal equilibrium with the ob-
servable particles in the early universe. When the WIMP stops annihilating efficiently it freezes
out and its relic abundance is given by the approximate formula
ΩWIMPh
2 ≃ 0.1
(xf
10
)(1× 10−26cm s−1
〈σv〉
)
. (9.69)
where xf ≡ MDM/Tf at the time of the freeze out. The cross section can be approximated by
〈σv〉 ∼ α
2
M2DM
∼ α2 ×
(
1TeV
Mdm
)2
× 10−26cm s−1 (9.70)
where α = g2/4π. The reason that the neutralino dark matter is a compelling candidate
is because their masses are predicted to be of the TeV order. The very attractive feature
of the (9.69) is that it is independent of the reheating temperature given that the reheating
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temperature is larger ∼ Mdm/10, in order the WIMP to equilibrate. Therefore, it can be very
high without the ΩWIMP to be sensitive to it. It is only sensitive to the mass and the couplings
of the WIMP; for the case of neutralino g ∼ 1 andMDM ∼MEW making it a natural candidate.
A similar behaviour is suggested by the (9.65) for the gravitino:
Ω3/2h
2 ≃ 0.1× 16.6√
N
(
1010GeV
λΛ
)(
mg˜(µ)
1 TeV
)2
. (9.71)
The abundance depends on the product λΛ i.e. on fundamental quantities of supersymmetry
breaking. A theory with a physical cut off Λ related to the GUT scale and a coupling λ ∼ 10−5
which is naturally small in the sense that small Yukawa coupling values are expected in the IR
macroscopic theory. Furthermore, the abundance is independent of the reheating temperature
given that the reheating temperature is larger than T0. The reheating temperature is bounded
from above in order that only the helicity ±3
2
gravitino component not to be overproduced. In
fact, the allowed window of the reheating temperatures is remarkably wide, see the figure 9.2.
Finally, an important but model dependent issue is the microscopic theory that implements
the supersymmetry breaking. The thermal restoration of the R-symmetry implies that the
origin where the messenger fields become massless is the attractive point of the free energy.
Only the presence of hidden sector fields that may become massive at the origin could render
an R-breaking minimum thermally favourable rather than the origin. Thereby, we expect
that if such a hidden sector exists it must be nearly unpopulated. Moreover, a thermalized
hidden sectror that couples directly to the Goldstino would lead to a large dn3/2/dt. Hence, a
thermalized hidden sector could give a rate of Goldstino production scaling like T 8/F 2 [120].
Therefore, we expect an R-symmetry restoration to take place indeed at a high temperature
enviroment of the early universe; otherwise the gravitino problem exacerbates.
We emphasize that the all important temperature is the T0 = 4F/(λΛ
√
N). Its order of
maginitude can be understood easily by recalling that the mass of the spurion X (which at the
tree-level is a flat direction) is mX ≃ 2F/Λ and its thermal mass is δmX ∼
√
NλT i.e.
T0 ∼ mX√
Nλ
(9.72)
The mX ∼ F/Λ is of the order of the weak scale thereby, it is the smallness of the Yukawa
coupling to the messenger fields that makes the T0 large suggesting a GeV mass range gravitino
for dark matter.
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Figure 9.1: The figures show the region of parameter space where the supersymmetry breaking
minimum is metastable (the region enclosed by the dashed lines), thermally favourable (the yellow
and the dark blue region) and where the gravitino thermal production does not overclose the universe
(dark blue region) for the cases of spontaneous U(1)R breaking (a-panel), explicit R-breaking due to
a constant c at the superpotential (b-panel) and due to an explicit messenger mass M ((c)-panels).
For the case of 6th order correction to the Ka¨hler and spontaneous R-breaking we have considered
the case where Λ2 = Λ
1.3
1 in Planck units. The red line separates gauge mediation, m3/2 < 0.1mg˜,
from gravity mediation. The boundary line between the dark blue and the yellow region corresponds
to the parameters that gravitino accounts for the dark matter i.e. Ωh2 ∼ 0.1. We considered 700
GeV gaugino masses. In the dark blue region the gravitino abundance Ωh2 is less than 10% and in
the yellow it exceeds the observational bounds on the dark matter abundance i.e. it overcloses the
universe. The L stands for Λ.
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Figure 9.2: The panels show the gravitino abundance (continuous line), for masses m3/2 =
1, 10−1, 10−2 GeV from top to bottom, with respect to the reheating temperature of the universe.
The hidden sector parameters where chosen such that the gravitino abundance is Ω3/2h
2 = 0.1 for
reheating temperatures larger than T0 and smaller than 10
12m−13/2 GeV
2; in particular, λΛ = 5× 1010
GeV, N = 5 and mg˜ = 700 GeV. The figures demonstrate the insensitivity of the gravitino abundance
to the reheating temperature. The red dashed line shows the abundance of the helicity ±32 grav-
itino component and the blue line the ±12 component. The plateau corresponds to the R-symmetry
restoration hence, to suppression of the ±12 component. This dependence of the Ω3/2h2 on the reheat-
ing temperature is universal for all the three models.
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Chapter 10
Summary
We summarize here the main results and conclusions obtained in this thesis:
Ordinary Gauge Mediation
• The spurion initial vev can be generic. The thermal effects can drive the spurion to the
metastable vacuum for any initial value for the spurion inside the validity regime of the
theory.
• There is no need the reheating temperature to be constrained from above. On the other
hand, if the reheating temperature is not smaller than the messenger mass then the
selection of the metastable vacuum can be realized non-thermally only for specific initial
conditions.
• The thermal selection of the metastable vacuum is realized for sufficiently weak coupling
at the messenger superpotential. Although there is an upper bound on the Yukawa cou-
pling the greatest part of the parameter space renders the metastable vacuum thermally
favourable. Small Yukawa values are actually predicted in models without elementary
singlets.
• If the spurion is coupled with messenger like couplings with Standard Model singlets that
introduce supersymmetric vacua then, the selection of the metastable vacuum requires
the initial vev of the spurion to be around the metastable vacuum and the reheating
temperature to be constrained from above.
Stringy Completion of Supersymmetry Breaking Models
• The constant c in the supersymmetry breaking sector superpotential may be interpreted
as the value of the overall modulus superpotential stabilized in an AdS minimum. Thereby
the high of the barrier that protects the modulus from the runaway is related with the
supersymmetry breaking scale. Large reheating temperatures can destabilize the mini-
mum, nevertheless thermal selection of the supersymmetry breaking metastable vacuum
is possible without the destabilization of the modulus.
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• An alternative scenario is the stabilization of the volume modulus in a Minkowski vacuum
with a barrier disconnected with the scale of supersymmetry breaking. A heavy modulus
can then reheat the universe with a temperature large enough even to thermalize the
messenger fields.
R-Symmetry and Gravitino Abundance
• A long standing problem is the overproduction of gravitinos in the early universe. The
fact that the supersymmetry breaking hidden sector is not rigid but dynamical and influ-
enced by the thermal plasma radically alters the gravitino thermal production results. In
particular, supersymmetry breaking models generally exhibit an R-symmetry which can
be thermally restored resulting in a suppressed gravitino yield. Moreover, the gravitinos
can account for the dark matter of the universe for reasonable values of the parameters.
In few words
• The conclusion of this thesis can be encapsulated in the statement that a TeV supersym-
metric universe can be generally thermally safe and high reheating temperatures are not
problematic without the need to introduce specially designed ingredients or unnecessarily
complicated assumptions.
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Appendix A
The Cosmological Moduli Problem
We review here the cosmological moduli problem. In particular we present why the problem
occurs and its connection with the supersymmetry breaking.
A.1 Gravitational Relics
Supersymmetry provides a natural solution to the large hierarchy between the weak scale and
GUT or Planck scales. The presence of a GUT/Planck scale in the theory leads to the problem
of quadratic divergences of the masses of the fundamental scalars; divergences which cancel in
a supersymmetric theory. It is also widely believed that string theory provides the consistent
framework which lies behind low energy supersymmetry. These beyond the Standard Model
particle physics theories include directions in field space which are flat in the supersymmetric
limit and couple to light fields only through Planck scale suppressed interactions. If the potential
for these flat directions is stabilized by the same physics responsible for susy breaking, a particle
with mass of order of a TeV and dangerously long lifetimes results. Possible examples of such
particles are the dilaton of string theory, the massless gauge singlets of string compactifications,
a Planck scale coupled singlet responsible for susy breaking, or a singlet field responsible for
communicating susy breaking to the visible sector. These fields are often referred collectively as
moduli. In the gravitational relics one must include, the supersymmetric partner of graviton,
the spin-3/2 gravitino as well as the modulini fermionic fields. The estimation for the decay
rate of these gravitational relics is at most
Γ ∼ m
3
ϕ
8πM2P
(A.1)
Even though the moduli are generic in string compactification their physical implications change
considerably depending on the details of moduli stabilization and susy breaking.
A.1.1 Incoherent Moduli
A natural expected source of both scalar and fermionic relic moduli is thermal scattering in the
plasma. For T ∼MP the moduli are in equilibrium with a thermal number density, nϕ/s ∼ 1/g∗.
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A significant entropy release, such as from a standard inflationary scenario, would dilute this
number density. Even so, moduli can be produced after the entropy release, i.e. after inlation,
by thermal rescatterings in the reheated universe. Neglecting any initial number density, the
Boltzmann equation for the number density of the incoherent moduli is
n˙ϕ + 3Hnϕ =
∑
i≥j
〈σv〉ij ninj (A.2)
where 〈σv〉ij is the thermally averaged cross section for the initial states i and j. Typically, the
2 → 2 scattering cross section dominates and is of order α/M2P where α is a gauge coupling.
Integrating (A.2) from an initial tempreature TI (an inflaton reheating temprature for example,
i.e. the maximum temrature of radiation dominated universe in thermal equilibrium) with this
cross section gives an incoherent relic density of
Yϕ ≡ nϕ
s
∼ α Trh
MP
. (A.3)
For TI ≪ MP this is much smaller than a thermal number density and potentially quite
insignificant compared with the coherent number density (see next).
A.1.2 Gravitationally Produced Coherent Moduli
Quantum fluctuations of moduli fields with m < H produced at the last stages of inflation
lead to the moduli problem even if initially there were no classical moduli fields [79]. These
fluctuations have exponentially large wavelengths and for all practical purposes they have the
same consequences as an homogeneous classical field of amplitude ϕ0 =
√〈(δϕ)2〉 where
ϕ0 =
√
〈(δϕ)2〉 = 1
2π2
∫
dkk2|ϕk|2. (A.4)
The growth of the fluctuations for m≪ H is given by
d 〈(δϕ)2〉
dt
=
H3
4π2
⇒ 〈(δϕ)2〉 = H3t
4π2
=
H2N
4π2
(A.5)
where the integration was performed considering a constant Hubble parameter and the last
equality came from the relation, N ≡ Ht, of the number of e-folds. Considering a simple
quadratic potential of chaotic inflation model, V (I) = 1
2
m2II
2. In this case one has
I(t) = I0 −
√
2
3
MPmIt. (A.6)
where I0 the value of the inflaton field which gives 60 e-folds (i.e. initial value). The time-
dependent Hubble parameter is given by
H =
mI√
6MP
I(t), (A.7)
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which yields
ϕ0 =
√
〈(δϕ)2〉 = mIϕ
2
0
8π
√
3M2P
. (A.8)
In order to have 60 e-folds of inflation in this model one needs I0 ∼ 15MP . This implies that
a typical value of the (nearly) homogeneous scalar field ϕ in a universe which experienced 60
e-folds of inflation in this model is given by
ϕ0 =
√
〈(δϕ)2〉 ∼ 5mI . (A.9)
In large scale inflationary models one has mI ∼ 5 × 10−6MP ∼ 1013 GeV. The formula which
connects the initial amplitude and the moduli number density is
nϕ
s
∼ 10−2 ϕ
2
0√
mϕM3P
∼ ϕ
2
0Trh
3mϕM2P
(A.10)
which for the above ϕ0, eq. (A.9), yields
nϕ
s
∼ 10−10Trh
mϕ
. (A.11)
A.1.3 Classical Coherent Moduli
If a modulus has a nonzero vev, then its vev is generally expected to be of the order of MP . In
order to talk about a non-zero vev for any field there has to be a well defined origin, which will
be defined as a point which is invariant (’fixed’) under the group of symmetries under which the
field transforms [122]. For moduli the symmetries are relatively complicated, and are in general
an infinite number of fixed points with a seperation of order MP (though only a finite number
are physically distinct because the symmetry is a discrete gauge symmetry). The statement
that the vev of some modulus is of order MP just means that it is not close to any particular
fixed point.
The finite energy density in the early universe breaks susy [60]. In a thermal phase this is
manifest through the disparate occupation numbers for bosons and fermions. In an inflationary
phase in which a positive vacuum energy dominates, the inflaton F or D component is neces-
sary nonzero, implying susy breaking. The same is true in the post-inflationary phase before
reheating, when the inflaton oscillations dominate, and the time averaged vacuum energy is
positive. In principle, susy breaking can be transmitted to flat directions by both renormaliz-
able and non-renormalizable interactions. However, for large field values all fields which couple
through renormalizable interactions gain a mass larger than any relevant scale of excitation.
These states then effectively decouple and do not lift the flat directions.
Non-renormalizable interactions can have important effects though. To illustrate this con-
sider a term in the Ka¨hler potential of the form
δK =
±C2
M2P
I†Iϕ†ϕ (A.12)
where I is a field which dominates the energy density of the universe, ϕ is a moduli field or
generally any canonically normalized flat direction. No symmetry prevents such a term, which
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can be present directly at the Planck scale, or be generated by running to a lower scale. If I
dominates the energy density, then ρ ∼= 〈∫ d4θI†I〉. The interaction (A.12) gives an effective
mass for ϕ of
δL = ±C2 ρ
M2P
ϕ†ϕ (A.13)
It is worth to note that a positive contribution to the Ka¨hler potential gives a negative contri-
bution to m2. In a flat expanding background, ρ = 3H2M2P , so that ∆m
2
ϕ = ±3C2H2. This is a
generic result, independent of what specifically dominates the energy density. For CH > m3/2,
this source for the soft mass is more important than any hidden sector breaking. The general
form of the induced potential along an exact flat direction is of the form
V (ϕ) = ±C2H2M2Pf(ϕ/MP ) (A.14)
where f is some function. The curvature is set by the Hubble constant, V ′′ ∼ H2 (V ′′ =
±C2H2), and the scale for variations in the potential is MP . Thus the contribution to the
mass squared is proportional to H2, but the absolute value and the sign of the coefficient ±C2
is unknown since it is determined by the counterterms which appear in a non-renormalizable
theory.
During inflation the moduli evolve in the potential (A.14) with H ∼ constant. Since the
fields are parametrically close to critical damped, within few e-folds they are driven to a local
minimum of the potential. However, the form of the potential does not necessarily coincide with
that after inflation, or from hidden sector susy breaking. In general the minima are seperated
by O(MP ). Once H ∼ m3/2 the moduli start to oscillate freely about a true minimum with
amplitude O(MP ). This gives a concrete realization of the initial conditions for the moduli
problem by specifying the field vev for H ≥ m3/2.
To illustrate the possible behaviour of the effective potential of the field ϕ we can consider
the simple model [121]
V (ϕ) =
1
2
m2ϕϕ
2 +
1
2
C2H2(ϕ− ϕ0). (A.15)
• C ≪ 1. In this case the moduli masses during inflation remain very small, and the
motion of the field ϕ towards the minimum of its effective potential will be very slow. Its
quantum fluctuations will also not be suppressed. When m2ϕ > C
2H2 if the field value is
more than 10−10MP it will cause cosmological problems.
• C ∼ 1. In this case the field is critically damped and driven to the local minimum
ϕ0 ∼ O(MP ). When m2ϕ > C2H2 the field starts oscillations around the low energy
mimimum with an initial amplitude ϕ0 ∼ O(MP ) causing severe cosmological problems.
• C ≪ 1. In this case the behaviour of the solution changes dramatically. As Hubble
parameter decreases, the minimum moves and drags with it the scalar field. As a result,
the field ϕ almost adiabatically moves to its new equilibrium value, and the amplitude of
the oscillations about it is rather small. For example, for radiation dominated universe
one needs C ∼ 30 to reduce the amplitude of the oscillations by the factor 10−10.
If the minima coincide at early and late times, i.e. ϕ0 = 0, the moduli are driven to the true
minimum during inflation. One possibility under which the minima can coincide occurs if there
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are no Ka¨hler potential couplings between the moduli and either the inflaton or hidden sectors.
Another case that the minima might coincide is if there is a point of enhanced symmetry on
moduli space [138, 60]. The main problem with this idea is the dilaton. It is not known that
if such an enhanced symmetry exists for this field, and if it does, it is likely to lie at a point
where the gauge coupling is extremely large. So, if symmetries are the solution of the moduli
problem, the dilaton must be on a different footing than the other moduli. For example,the
dilaton mass might arise from dynamics which does not break susy.
A.2 Cosmological Problems
The gravitationally interacting particles decay very late. They are not part of the thermal
equilibrium in the early universe plasma and their energy seems to be frozen until the expansion
rate H drops below the moduli mass. Then, they start rolling towards the minimum of their
potential which can be considered quadratic close to the minimum. Indeed, at low energies i.e.
H < mϕ, the mass term 1/2m
2
ϕϕ
2 dominates over terms like the Hubble induced masses and
so, the potential is quadratic about the origin ϕ = 0. The oscillations of the modulus can be
considered as a boson condensation of zero-momentum particles. In other words the modulus
behaves like nonrelativistic matter and thus scales like ρϕ ∝ a−3. Taking into account that in
the early universe the rest of the matter is expected to be relativistic scaling like ρrad ∝ a−4, the
obvious conclusion is that the modulus will sooner or later dominate the universe (except if it
is ultra-light as we will see). At this point the natural question is weather a given moduli field
can decay before it dominates the universe. The decay rate, eq.(A.1), Γ ∼ m3ϕ/M2P , depends
only on the mass of the modulus. It is straightforward to compare the lifetime of a modulus
with the age of the universe today or at moments in the early universe when basic process took
place. A modulus field will have not decay at present times if
Γ ≤ H0 (A.16)
that is if its mass is mϕ ≤ 20 MeV. Therefore moduli e.g. of masses 1 TeV, 1 GeV have already
decayed today while moduli of masses 1 MeV, 1 eV etc, are still stable. The second moment in
the history of the universe which is one of the pillars of the modern cosmology is the so-called
Big Bang Nucleosynthesis (BBN). Observationally it is verified that nucleosynthesis took place
in the early universe and the abundances of the nuclei produced at these early moments put
severe constraints on the energy content of that period. Firstly, the universe was dominated
by radiation. A matter dominated universe would expand with a faster rate decreasing the
period when the number of neutrons decay (speed-up effect). This is the period between the
moment when temprature drops below the mass of the neutron, mn > T (at this period the
electroweak interaction are still effective resulting in a suppressing Boltzmann exponent in the
neutron relic number density) and the moment when the neutrons and protons form bound
states i.e. nuclei. Making this period smaller we increase the ratio of neutrons over protons,
n/p, and consequently we increase the helium, 4He abundance. The observational bound on
the nonrelativistic matter at that period is
ρm
ρrad
< 0.2 (95%C.L.) (A.17)
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which can be translated as a bound on the coherent oscillating moduli fields (and not only
moduli fields; inflaton or quintessence fields which oscillate or superheavy particles are also
constrained). However, this is not the stringent observational bound on the moduli energy
density. Even if the moduli energy density satisfies the bound (A.17) their subsequent decay
can destroy the BBN products i.e. the observed nuclei. The reason is that at the moment
of their decay their energy density stored in their oscillations (which until the decay moment
steadily inrcreases over radiation) will be transformed to entropy, causing an ’entropy crisis’
[34][30]. The energetic photos coming from the decay of the moduli will destroy 4He nuclei
overproducing D+3He. This requires that moduli abundance at the time of the last reheating
(last, in the sence that more than the inflation fields may have dominated the universe before,
e.g. a curvaton field), i.e at the moment of maximum temprature of the radiation plasma,
should satisfy
Yϕ ≡ nϕ
s
≤ 10−12 − 10−15. (A.18)
The stringent yield bound Yϕ ≤ 10−15 is for a hadronic branching ration of the order O(1)
while the bound Yϕ ≤ 10−12 is for hadronic branching ratio O(10−3). From eq. (A.10) we can
see that for 1 TeV mass modulus, the stringent bound of (A.18) is equivalent to a constraint
on the the initial modulus displacement ϕin ≤ 10−10MP .
Another pillar of the modern cosmology is the presence of dark matter. We know that dark
matter exists in the universe and its nature is exotic in the sense that it is not composed by
the standard particle physics model particles. The most popular candidates of dark matter are
the supersymmetric particles and in particular the lightest supersymmetriic particle (LSP) in
case that the R-parity is unbroken. Often it is considered as success of the (still non-verified)
sypersymmetry that it predicts particles with the cosmological wanted mass spectrum of dark
matter and that it predicts cross sections that can yield a dark matter of the observed abundance
(neutralino dark matter). In order to have the correct abundance, the dark matter particles are
assummed to have been in thermal equilibruim. In the case of neutralino dark matter particles
they decouple at the temperature of
TDM, f = O(1− 10)GeV. (A.19)
Thereby, after the decay of the moduli the LSP must be brought into thermal equilibrium so that
it is not overproduced and have the correct ambundance. One needs a reheating temperature
larger than the LSP decoupling temprature, eq. (A.19), constraining further the moduli masses
and the energy densities. There are alternatives to LSP like the stable gravitino (studied in the
last section), axions which don’t impose these constraints on the reheating temperature and
models which yield the dark matter ambundance by the moduli decay.
Another kind of constraint comes from the fact that our present universe is not matter-
antimatter symmetric (which is also the reason that baryons survived). A baryogenesis/ lep-
togenesis process should have taken place in the early universe following the inflaton decay.
There are viable models of baryogenesis/leptogenesis like the thermal leptogenesis, the GUT-
baryogenesis, the Affleck-Dine mechanism [59], and the electroweak phase transitions baryoge-
nesis (sphaleron mechanism) or even directly from the moduli decay [138]. Each baryogenesis
process takes place at some temprature (e.g. GUT, O(109) GeV or electroweak energy scale).
However, most of the mechanisms is expected to work well at energies above the electroweak
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scale i.e. 100 GeV. Therefore the reheating temprature of the last moduli which decays must
be of that order.
The bounds on the reheating temperatures are directly related to the moduli mass. The
assumption is that the moduli will transform all their energy stored in the coherent oscillations
into radiation when the age of the universe becomes comparable to their lifetime i.e.
{
t−1universe = H
}
=
{
τ−1 = Γtot ≈ m
3
8πM2P
}
. (A.20)
This is a perturbative single body decay. The non-relativistic matter energy density will be
transformed into radiation ρrad = (2π
2/45)g∗(Trh)T 4rh and from (A.20) the reheating tempera-
ture can be estimated as
Trh =
(
α
3× 45
2π2g∗(Trh)
)1/4√
ΓtotMP . (A.21)
In the above estimation of the reheating temperature we assumed that the ratio of the moduli
energy density over the total energy density is ρϕ/ρtot = α. The usual and conservative as-
sumption is that the modulus dominate the energy density of the universe at the moment of
their decay, i.e α = O(1). Notice that the reheating temperature (A.21) depends only on the
total decay rate and not on the absolute value of the energy density of the moduli.
As we said, and as we can see from the above formuli, a bound on the reheating temperature
is a bound on the decay rate which is translated into a bound on the moduli mass . If we want
the decaying moduli not to spoil the BBN products we demand a reheating temperature above
TBBN ≥ 6 MeV. This is equivalent to demanding a modili mass of the order of mϕ ≥ 102 TeV.
If we also want a reheating temperature of at least O(1) GeV able to yield a correct thermal
abundance for the stable LSP, eg. neutralino dark matter, the moduli mass must be heavier
than mϕ ≥ 105 TeV. If we also consider an electroweak scale baryogenesis the moduli masses
must be even heavier.
On the other hand, the stable moduli fields (those with a lifetime longer that the age of
the universe) tend to overclose the universe. This can be avoided only if at the time of matter-
radiation energy equivalence the moduli fields energy density is at most of the dark matter
energy density:
ρϕ(t = teq) ≤ ρDM ∼ 0.3ρcr. (A.22)
This is equivalent to a constraint on the moduli yield at that time mϕYϕ < 3eV . Since matter-
radiation equivalence the dominant part of the energy content of the universe has scaled like
a−3 = T 3 and the (A.22) can be transformed to
ρϕ · (T0/TI) ≤ 0.3ρct ∼ ρcr. (A.23)
The TI is the temperature that the oscillations start: TI ∼ (mϕMP )1/2 and the moduli have
energy at that time ρϕ ∼ m2ϕ(δϕ)2. T0 is the present temperature of the universe. It is now
straightforward to find the bound on the light modulus mass:
mϕ < MP
(
ρcr(t0)MP
(δϕ)2T 3(t0)
)2
(A.24)
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where t0 is the present time. For initial amplitude of oscillations δϕ ∼ MP we find that the
moduli have to be lighter than
mϕ < 10
−26eV. (A.25)
It is useful to transform the eq. (A.23) bound on the mass to a bound on the initial displacement
δϕ [16]:
δϕ
MP
≤ 4× 10−9
( mϕ
100MeV
)−1/4
. (A.26)
So a mϕ ≈ 10−26 eV moduli oversloses the universe for δϕ ≈ MP , a mϕ ≈ 1 eV for δϕ ≈
10−8MP and a mϕ ≈ 1 MeV for δϕ ≈ 10−10MP . In these estimations we have neglected any
entropy production that may took place since the moduli started oscillating. In this case the
bounds on the moduli (both heavy and light) yield Yϕ is relaxed to a value Yϕ → Yϕ/∆ where
∆ = Safter/Sbefore.
In summary, neglecting baryogenesis/leptogenesis the obvious goal is to look for a theory
which gives either heavy moduli fields mϕ > 10
2 − 105 TeV or ultralight mϕ < 10−26 eV. The
later masses are extremely light. Ultralight moduli fields are difficult to be generated because
the supersymmetry breaking or no-renormalizable interaction terms induce a mass ofm3/2 scale.
Moreover, they would cause the existance of a fifth force which is not observed by the up-to-date
observations/experiments [30, 6]. Although light moduli are predicted in many theories they
are not so light in order to satisfy the bound (A.25). The supersymmetry breaking induced
moduli masses are around the m3/2 scale. Taking into consideration only the BBN constraints
a moduli of mass mϕ ≥ 102 TeV seems to provide a resolution to the problem. Such heavy
moduli masses can be realized e.g. in the flux compactification models [106]. However, it was
recently pointed out that heavier moduli overproduce gravitinos when they decay causing the
so-called ”moduli induced gravitino problem” [132, 76].
A.2.1 Moduli Induced Gravitino Problem
In 2006 it was realized that the moduli fields can decay to gravitino with a branching ratio
generically of O(0.01− 1) [132, 76]. Consequently, the cosmological moduli problem cannot be
solved simply by making the modulus mass heavier than 100 TeV.
The moduli fields can decay most efficiently into gauge bosons pairs and gaugino pairs. The
decay into gravitinos pairs is computed to be of comparable magnitude (of course, a heavier
than the gravtino modulus has been assumed). The two body decay of the moduli into Standard
Model fermion pairs and sfermions can be shown to be suppressed by powers of the mass of
the final states by using their equation of motion [127]. The conclusion is that the branching
ratio to gravitinos is
B3/2 ≡ Br(ϕR,I → 2ψ3/2) = 1
54
12
NG
d23/2
d2g
∼= O(1− 0.01) (A.27)
where NG is the number of the gauge bosons and dg, d3/2 dimensionless constants of order unity.
In order to see the cosmplogical problems [108] caused by the production of gravitinos one has
to find the gravitino yield Y3/2 which
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1) if the LSP is the gravitino it must not exceed the dark matter abundance
Y3/2 ≤ YDM (A.28)
2) or if m3/2 > mLSP it must satisfy the BBN constraint
Y3/2 ≡
n3/2
s
< 10−12 − 10−15. (A.29)
A brancging ratio B3/2 = O(1 − 10−2) violates these bounds. A theory with heavier than 102
TeV gravitino, in order to avoid BBN problems, doesn’t address the problem either. The reason
is that the gravitino can decay to the LSP giving an, e.g. neutralino, abundance which exceeds
the upperbound of the dark matter inferred by the observations. The neutralino LSPs produced
this way are so abundant that they annihilate with each other, however, without being in a
thermal equilibrium. The resulting neutralino yield, YLSP is estimated to be unacceptable large
both for wino and bino LSP.
A gravitino heavier than 107 will produce LSPs that will get thermalized and the con-
ventional computation of the relic abundance can be applied. However, with such a heavy
gravitino, the resulting soft masses would be far above the electroweak scale, diminishing the
very motivation of low energy supersymmetry.
A.3 Supersymmetry Breaking in the Early Universe due
to the Inflaton Field
We assume that in the early universe a standard inflation took place solving the homogeneity,
isotropy and flatness problems and generating the initial curvature perturbations. During this
quasi-de Sitter period vector bosons, fermions and heavy scalars were diluted. Saying heavy we
mean scalars with mass heavier than the Hubble constant during inflation. On the other hand
abundances of lighter scalar were not diluted since these fields cannot roll down due to the
strong friction term and ’freeze’ roughly in their pre-inflationary vev. After inflation except for
the inflaton, I, there will be these light scalars and their classical super-Hubble long-wavelength
quantum (initially) fluctuations.
However, during inflation the finite vacuum energy density (non zero F and/or D compo-
nents) breaks susy. For H > m3/2 this breaking is dominant over the hidden sector inducing
masses of the order of H thereby making the fields heavy. Fields like flat directions ϕf (which
can have non-Planck mass suppressed interactions) and moduli are not frozen as was generally
assumed. As long as H > m3/2 this source for the soft mass is the most important and persists
also in the post inflationary epoch, i.e. during reheating and radiation dominated era. A well
defined example of this effect is the behaviour of the flat directions ϕf ; their relevant potential
during inflation takes the form [59]
V (ϕf ) = −cH2I |ϕf |2 +
(
aλHIϕ
n
f
nMn−3
+ h.c.
)
+ |λ|2 |ϕf |
2n−2
M2n−6
(A.30)
where c and a are constants of O(1) and M is some large mass such as the GUT or the
Planck scale. We should mention that the flat direction is assumed to be stabilized even in the
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absence of supersymmetry breaking, by a high dimension operator in the superpotential. For
c < 0 the origin is the minimum and the average value of the flat direction evolves to ϕf = 0
exponentially in time. For c negative and |c| ≪ 1, so m2 ≪ H2, the origin is still the minimum
and in addition we have de-Sitter fluctuations with correlation length l ≈ H−1e3H2/2m2 . But
for c > 0 the potential has an unstable extremum at the origin. For HI ≪ MP energetically
this limits ϕf ≪MP . The only soft terms in (A.30) are therefore the lowest order ones, namely
the mass and A terms. The minimum of the potential (A.30) is given by
|ϕf 0| =
(
βHIM
n−3
λ
) 1
n−2
(A.31)
where β is a numerical constant which depends on a, c, and n. The initial value of the flat
direction, ϕf 0, is parametrically between HI and MP . For exapmle, with HI ∼ 1013 GeV,
M/λ ∼MP , and n = 4, ϕf 0 ∼ 103HI .
The string modulus potential changes similarly during inflation. The finite inflationary
energy induces soft potential , V ′′ ∼ H2 and the fields are driven to a local minimum within
few e-foldings unless the induced mass happens to be numerically much less than H . If this
last case, i.e. V ′′ ≪ H2, is the one that is realized then the couplings of the modulus can drive
it to the origin (plus the expected de-Sitter fluctuations). The case that the minima coincide
at early and late times i.e. V ′′ ∼ H2, and the minimum is at the origin (this corresponds to
c < 0 for the flat directions) can happen if there is a point of enhanced symmetry on moduli
space [59]. However, this idea does not apply for the dilaton. The moduli transform under
some symmetry near such points. The lowest order invariants are therefore bilinears and the
potential is necessarily an extremum at such points. So, it is possible that the potential is a
minimum at both early and late times.
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